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Abstract

This study models and assesses the current ane fossil fuel consumption and greenhouse
gas impacts of ethanol produced from three feeldlsi@orn grain, corn stover, and switchgrass.
A life-cycle assessment approach with an integritedte Carlo uncertainty analysis is applied
to each of these three bioethanol pathways. lmcating a Monte Carlo uncertainty analysis
within a life-cycle model enables one to accountsfgstem variability within the agricultural,
technological, and geographic arenas. This resulisange of energy and greenhouse gas
impacts rather than previous single-valued estimalédis uncertainty analysis brings greater
clarity to the ethanol debate through evaluatirgggiobability of previously published life-cycle
assessment net energy results, from reports su€ares!, Wang, Shapouri, and Pimentel. Life-
cycle assessment net energy results show corn gftzamol to have a positive value when
DDGS coproducts are included within the assesstramdary and a slightly negative value
when they are not. The system net energy valu&siifd emissions are also sensitive to system
input assumptions and geographic location. Faowlegllulosic ethanol produced from corn
stover and switchgrass, a positive net energy vahgereduced GHG emissions are seen when
compared to gasoline. In addition to net energults and system GHG emissions, the
petroleum displacement and land use impacts fexaanding and evolving ethanol industry are
also evaluated.

Corn grain, corn stover, and switchgrass-basedethptential production levels are also
analyzed. It was determined that 55-65 billioarktper year of corn grain ethanol could
potentially be produced in the next 10 years, consg 30% of future US corn grain production.
Corn stover and switchgrass have the potentiatddyze 25-35 and 10-20 billion liters per year
of ethanol, respectively. These ethanol produatesults were then applied to assess the
feasibility and environmental impact of achievihg new Renewable Fuels Standard, of
producing 136 billion liters of renewable fuels2§22. This study concluded that while the
scale is potentially feasible from these three $&@tks, the timeline to achieve this scale would
be very challenging given the cellulosic ethanohtelogical and economic advances that are
still needed.
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Conversion Tables

Ethanol Conversions

Ethanol Density @
20°C

789 kg/m®

Liter of ethanol 2.7 kg

Biomass Conversions

1 bushel of corn 56 Ibs
1 bushel of corn 25.25 kg
Lignin Energy Content 29.54 MJ/kg

Switchgrass Energy

17.4 MBTU/Mg (dry)

Content
Switchgrass Energy 14.8 MBTU/Mg

Content (15% moisture)
Switchgrass Energy

Content 18.3 MJ/Kkg (dry)
Cellulose Molecular

Weight 162.14 g/mole

Xylan Molecular Weight 132.1 g/mole
Ethanol Molecular
46 g/mole

Weight

Carbon Emission Factors

Fuel Factor
Metric tons of Carbon / MMBTU
No 2 Oil (gasoline) 0.0225
No 6 Oi (diesel) 0.0225
Natural Gas 0.01633
Coal 0.0265
Propane 0.01951

grams of Carbon / MJ*

19.6
20.8
15

Source - Emission Factors - www.cleanair-coolplanet.org
Stationary Emission Factors

Euel Higher Heating Value  Lower Heating Value
Gasoline 120,000 115,000
Diesel 140,000 130,500
Natural Gas 1040 930
Ethanol 84,000 76,000

Units
BTU/gal
BTU/gal
BTU/scf
BTU/gal

! Based on fuels LHV




Fuel Higher Heating Value  Lower Heating Value Units
Gasoline 33 32 MJ/L
Diesel 39 36 MJ/L
Natural Gas 1.09 0.98 MJ/scf
Ethanol 23.4 21.2 MJ/L
Conversions
Sl Units English Units
1kW-hr 3413 BTU
1 gal 3.785 liters
1 gal 0.1337 scf
1 barrel of ail 6.3 MMBTU
1 barrel or oil 42 gal
1kg 2.2046 Ib
1im? 264.17 gallons
1ton 2,000 Ibs
1 mton Mg
Other GHG Emission Factors
Methane (CH4) Nitrous Oxide (N20) Methane (CH4) Nit rous Oxide (N20)
Stationary Sources Electric Utilities
Fuel Factor Factor
No 2 Qil 0.7 0.357 0.91 0.36
No 6 Oi 0.7 0.357 0.91 0.36
Natural Gas 1.1 1.1 1.1 1.1
Coal 0.75 0.298 0.75 0.298
Propane 1.08 4.86 - -

Emission Factors Units - g/ MMBTU, Stationary Emission Factors, Transmission Losses = 8%

Source - Emission Factors

- www.cleanair-coolplanet.org

Global Warming Potential (GWP)

Methane
Nitrous Oxide

21
310

Source - Emission Factors

- www.cleanair-coolplanet.org

GWP Units - kg of CO2/kg pollutant

1,000 kg = 1 metric ton




Chapter 1: Introduction and Background

Project Motivation

When looking into the future, world oil demand r®jected to increase more than 40%
by 2030 [1]. This increase is mainly from Asiamuntries like China and India, whose
transportation industries are rapidly expandinguréntly, the United States consumes
approximately 20 million barrels of oil per day (58Billion liters per year), with two-

thirds of this consumption coming from the transaibon sector [1]. Petroleum
consumption from transport accounts for 25% ofrtatons greenhouse gas (GHG)
emissions [2]. In the next 20 years, US gasoloresamption is expected to grow 30%,

to a level of 700 billion liters per year [1]. Uke the power generation sector, where
there is a portfolio of energy generation optidhs, light duty vehicle transportation
sector currently only has one choice, petroleurnatTnflexibility makes the US’s
transportation system vulnerable to fluctuationthoil market, which may be caused
by natural disasters like hurricane Katrina, unstgilovernments, and increased world oil
demand. Biofuels provide the US an opportunitgitersify its transportation fuel mix,
bringing greater stability to our growing energyds, decreasing dependence on foreign
resources, and decreasing the environmental ingbactr energy consumption. Though,
not all biofuels are equal in their ability to fataite these goals. Depending on the source
of biomass, conversion technology, and life-cyclergy requirements, biofuels
production can have varying results and impacts.

In the US, ethanol has been the recent renewalsisgortation fuel of choice due to the
maturity of its technology, feedstock availabiliand the ease of infrastructure
scalability. Ethanol was also chosen to help cdrhlgh oil prices and increase national
security by displacing petroleum consumption. M@, ethanol accounted for nearly the
entire biofuels market in the US, producing 18iduilliters (4.8 billion gallons) [3].

While ethanol is produced from sugarcane in Brazithe US it is produced from corn

grains. Ethanol produced in the US and Brazilespnts 70% of the world’s ethanol



production, though countries like China are incirgggheir production capacity rapidly
[3]. In Brazil, ethanol accounts for as much a%oaff their total transportation fuel use
(by volume) [4]. In the US market, ethanol onlpnesents 2.5% of motor gasoline
consumption (Figure 1-1) [4]. This difference iedo the US transportation fuel
consumption is 9 times that of Brazil's. So theref while the US and Brazil produce
approximately the same amount of ethanol, theisgldcement impact it has on each of

our transportation markets is very different duéhr magnitudes.
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Figure 1- 1 — 2006 Transportation Fuel Consumptiotin the United States and Brazil [3]

Ethanol produced in the United States is expedexcrease to 23 billion liters by 2009
[3]. This is based on projections for capacityiidds to existing facilities and the
addition of 73 new facilities [3]. The US ethamudlustry is mainly located within the
Corn Belt, however facilities are also being builNew York, Arizona, and California.

Ethanol has been produced in the US since the #8€§s [5]. Historically, ethanol
production mainly increased during times of wachsas World War 1, or in times of
high olil prices, as in the 1980s (Figure 1-2). c8i@000, ethanol production has
increased 3 fold due to two major events; the beshg the phase-out of methyl tertiary-
butyl ether (MTBE) and the second being the adoptiothe Renewable Fuels Standard
(RFS) in 2007. MBTE is a fuel oxygenate that idextito gasoline to promote cleaner
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engine combustion [6]. After reports in 2006 adgndwater contamination from leaking
underground storage tanks, MBTE begun to be phaisedf gasoline blending practices.
Ethanol, also being a fuel oxygenate, was then asedreplacement for MBTE in
gasoline. A second policy that promoted ethanotipction was the 2007 Renewable
Fuels Standard (RFS). The 2007 RFS was a govetrmeantdate that boosted the
production of ethanol, by requiring 28 billion liseof renewable fuel to be blended with
gasoline by 2012. There is also a blender’s taritof $0.13/L ($0.51/gal) which made
producing/purchasing ethanol economically feasil8tate government policies
mandating blending have also boosted the demarettianol. In total, production levels
have increased so rapidly that the 2007 RFS isaegdo be met by 2009, three years

early [3].
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Figure 1- 2 — United States Ethanol Production (1982009). Production levels from 2007 to 2009 are
based on expected increases in ethanol productiorom new facilities and from the expansion of

existing facilities [3].

This rapid scaling up of production is sited asason for the recent glut of ethanol in the
marketplace and the accompanying 30% drop in thr&eharice since May 2007 [7].

This surplus is partly due to a saturation of laoakkets and infrastructure bottleneck to
transporting ethanol to coastal markets. Soméhseas only a short-term problem,

while others are looking for longer-term solutiossch as retrofitting existing pipelines
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and creating dedicated ethanol pipelines. Poliaikers have reacted by passing a new
RFS in January of 2008 that has increased themejamount of renewable fuels
production from 28 billion liters to 136 billiontérs [8]. Their hope is to promote the
additional development of biofuels, and specificaktcond generation cellulosic based
biofuels, as a way to further decrease our natipatsoleum consumption and
greenhouse gas emissions. Additionally, this imsedn the RFS would help alleviate the
production surplus, as blenders are now requirgulitohase an increase amount of
ethanol.

Current gasoline engines can use fuel blends o 19% ethanol without engine
modification. Vehicles called flex-fuel vehiclesegproduced for higher ethanol blends
such as E85. While flex-fuel vehicles are curneadld in the marketplace, they only
represent 0.3% of the actual light-duty vehicletlend therefore do not create a large
market demand for higher ethanol bleni®. The EPA is currently working to create
policies to support fuel blends slightly higherritigl0, such as E20. This would provide
additional markets in states that have minimalmdhblending policies and provide
blending options for when then the E10 market faraéed at around 57 billion liters.
Currently, vehicle testing is being preformed ttedaine if current gasoline vehicles
could use higher ethanol fuel blends, and if noatdngine modifications would be
needed and at what cost.

In the near-term corn production is expected tosiase to meet the demands of an
expanding ethanol industry. This growth in boté #griculture industry and ethanol
producing industries comes at an economic and @mviental cost that is already starting
to be seen. For example, since 2006 the markeg pficorn has surged from $1.86 per
bushel to around $4 per bushel [10]. This is duh¢ ethanol industry consuming 20%
of the 2006 corn grain crop. This increase in qotoes has had both a local and world
affect. In the US, this has had a large affediv@stock producers, who have seen their
feed costs’ increase. Additionally, the price®tifer commodities are expected to
increase as expanding corn acreage is often disglather crops such as soy beans,

2 (674,678 E85 caisttp://www.eia.doe.gov/cneaf/alternate/page/datas#hif14-20_04.htrl
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wheat, and cotton. Increased corn production l@sounintended environmental
consequences, such as increased runoff from nitrfayélizers and decreasing ground
water levels. Also, as corn production expandsesa of biodiversity could result from
new land use practices. Though some of these istiwesd prove to be problems in the

short-term, the long-term global ramifications wrieased corn prices remain to be seen.

Project Introduction

As the bioethanol system continues to expand ted teemodel and analyze its
production from a life-cycle perspective has becameeasingly important. To address
this issue, this study has focused on modelingesatliating the life-cycle impacts of
current and the longer-term production of etharainf starch and lignocellulosic-based
biomass. The impacts considered are fossil ermyggumption, petroleum
displacement, and greenhouse gas (GHG) emissioitte@muring the production life-
cycle of corn grain, corn stover, and switchgraasell ethanol. Debate over these
impacts continues today as previous LCA analysistéd the system as if it were in
steady-state, not taking into account natural tiana in system inputs. For example,
previous studies have taken an average fertiligpli@tion rate to characterize the entire
industry, rather than a range of possible valugshvmore accurately represents the
variability that occurs from farm to farm. Unlikeevious LCA'’s, this study incorporates
a Monte Carlo approach to include the variabilityach system input. This results in a
range of probable outcomes for the fossil energnsomption and GHG emissions of the
entire system. These results are then comparewops single valued results, as a way
to validate the model and to determine the prolighiiat previous results will occur. A
review of previous studies, in section 1.3, highiggthe main differences between
previous analyses and demonstrates why a Monte @adlysis incorporated within a

LCA more accurately characterizes the system.

In addition to environmental impact, this analysssesses the potential scale that ethanol
production could attain if produced from corn graiarn stover, and switchgrass. The
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scale of production is assessed for today andimduture assuming certain economic
and technological advances. This analysis pinpdh# constraints that can limit the
production scale in the short-term and that camalely limit the scale of production of
the entire system in the long-term. Estimatingdtale of ethanol production allows us
to determine the potential future impact ethanoy imave on displacing petroleum

consumption and improving light-duty vehicle GHGissions.

Review of Previous Corn Grain Ethanol Life-Cycle Assessments

Many studies over the past decade have attempimusteer the question of whether
bioethanol production results in a net energy gaith reduced GHG emissions when
compared to gasoline. The net energy of this prioolusystem is defined as the energy
content of ethanol minus the fossil energy consuchgthg its production. The system
boundary defined for corn grain ethanol productiatudes corn grain production, corn

grain transport, and ethanol production.

This section will discuss the approach, conclusiansl differences of previous life-cycle
assessments. Previous studies have preformed L§2&&d on single value inputs,
which result in a single valued output that hasl fimaboth positive and negative results.
This section will demonstrate that even when sydieandaries and assumptions are
uniform one still needs to account for the systarsrent variability within the
agricultural, ethanol processing, and technologeators. While reviewing previous
published work, the following discussion will adgsehe following questions:
1) What are the major differences between the main grain ethanol studies?
2) How do these differences affect the finalilessand conclusions of these
studies?
3) What additional benefits does incorpomgtinMonte Carlo analysis within a
LCA provide?
Four studies were compared in this analysis. Wene chosen for their availability,

publication date, and the accessibility of thesteyn input values.
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1) Wang, M. (1999Effects of Fuel Ethanol Use on Fuel-Cycle Energg an
Greenhouse Gas Emissioffsggonne National Laboratory, IL) [11].
2) Shapouri, H., Duffield, J. A. & Wang, M. (2002he Energy Balance of Corn
Ethanol: An UpdateUSDA Study [12]
3) Pimentel (2003)Ethanol Fuels: Energy Balance, Economics, and
Environmental Impacts are Negatij4S3]
4) Farrell, A. E., Plevin, R. J., Turner, B. T. & Jené. D.Ethanol Can
Contribute to Energy and Environmental GqQgR006)Science311,506-508
[14].
All of these studies conducted a life-cycle anayscluding corn grain farm inputs, the
transport of corn grains to an ethanol facilityd dhe ethanol conversion facility. Our
analysis was done applying the lower heating vélt®/) of different fuels and
therefore any study that was based on the highaimgevalue (HHV) of fuels has been
adjusted. The heating value of a fuel is definetha amount of heat released during the
combustion of a fuel [6]. The main difference beéw these studies was the system
boundary definition. The system boundary is acteteboundary that defines which

energy inputs are included and excluded from fieeclycle analysis.

Figure 1-3 is a bar graph of the total energy inpatuded for each of the four studies.
Each studies inputs were categorized by the thiae sectors; corn grain production,
corn transport, and ethanol production. Each sarympasses different inputs for each
of the three categories which are expanded andisssd in Figure 1-3.
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Wang et al (1999) Shapouri, Duffield, Pimentel (2003) Farrell (2006)
Wang (2002)

Figure 1- 3 - Total Corn Grain Ethanol Life-Cycle Production Energy Use. These results are

presented with no coproduct credits ([11-14]

There are two main reasons these studies vargt, Kithe definition of the system
boundary, which is different for each of these ®sidSecondly, the values chosen for
input variables vary depending on source, date gaographic location. Comparing
across studies without modification, Pimentel ipragimately 40% higher in estimating
the total energy input to produce a liter of etHammanpared to the other studies. This is
due to Pimentel's assumptions and system boundariges. Figure 1-4 demonstrates
this through a break down of all farm inputs in@ddn each study. The study by Wang
et al (1999) did not have a break down for speé#io inputs, but instead used one
value to represent farm inputs due to farm mackimergy use and chemical use; this is
represented by the light yellow category “Wang @th&rom Figure 1-4 the majority of
the farm energy is in two main categories: feritiproduction and use (mainly nitrogen
fertilizer) and farm machinery energy use, whichasprised of diesel fuel, gasoline,

liquid propane gas, natural gas, and electricitgyfe 1-4).
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When comparing across studies, Pimentel's farmtgare approximately 80% higher
than the other studies. This is mainly due tcalssumptions in the system boundary and

system input values.

Pimentel includes additional farm inputs such &saimbodied energy in farm machinery
and labor, which accounts for 16% of his total faratue®> Another major difference is
that Pimentel also includes the energy to consanathanol facility, along with the
energy it takes to extract, manufacture, and tramgpe construction plant materials.
These types of inputs are excluded from the othugliess as they are said to be difficult to
estimate and minimal due to the long life sparhee machines and facilities. Pimentel
also uses higher input values for the energy uséettilizer production and fertilizer
application rates. These major differences in blo¢hsystem boundary and data values

are the main reasons Pimentel’s study gives diffenesults.

m Farm Machine Production Energy

@ Farm Labor

12 m Transport of Farm Inputs to Farm
0O Other

10 W Chemicals

0O Electricity
@ Natural Gas
mLP Gas

O Gasoline
ﬁ m Diese Gasolinel
= - O Seed Production

MJ/L-Ethanol
(2]

2 | Irrigation
OLime

0 T T

Pimentel (2003) Wang et al Shapouri, Farrell (2006)
(1999) Duffield, Wang | Phosphorous Fertilizer

(2002) @ Nitrogen Fertilizer

O Potash Fertilizer

Figure 1- 4 — Corn Grain Agricultural Production In puts [11-14]

Figure 1-5 compares only farm fossil energy ingh&t were included in all studies to
equalize system boundaries. This makes it posgildeamine how values for a specific

input vary between studies and the impact this Ad® study by Wang et al (1999) is

% Pimentel assumes an average person works 2,0@@hyzar and utilizes an average of 8,000 litéilo
equivalents per year
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excluded since the numbers that were provided bydMeere not separated into the
same categories as the other authors. When agmyimiform farm system boundary
there is still a 30% difference between Pimentel e two other studies. Comparing
within specific categories there are obvious déferes in input values. For example
Pimentel’s nitrogen fertilizer inputs is 45% highlean the Shapouri study. Farm fuel
energy is highest in the Shapouri study, whichO&Aigher than the lowest value, which
is in Pimentel's analysis. All studies have valta@scorn seed production energy but

only Pimentel’s is large enough to see on the graph

B Farm Machinery Fuel

& Chemicals
5 @ Lime
B 4] i .
g — O Potash Fertilizer
34 B Phosphorous Fertilizer

& Nitrogen Fertilizer

O T T

Shapouri, Duffield, Pimentel (2003) Farrell (2006)
Wang (2002)

Figure 1- 5 — Uniform Corn Grain Agricultural Input s [12-14]

Figure 1-6 represents the total system fossil gneosgsumption per liter of ethanol
produced of all four studies with a uniform systeaundary, without coproduct credits.
Coproduct credits represent the assignment of arggreredit from the production of
ethanol coproducts, such as distiller’s grainsiptprove ethanol’s net energy balance.
The dashed lines represent the total energy igt@yhtem once the assumed studies
coproduct credits are taken into account. Evenreafonsidering the effects of energy
credits due to coproduct production, Shapouri aanadel show a moderate net positive

energy gain, based on an ethanol LHV of 21.2 MWhen the coproduct credit
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assumption is included, Pimentel's net energy vhheaks even while the other three
studies both result in a net energy gain.

25

Conversion Process

- 211
20 O Corn Transport

15

- \ —16.1 - —16.3| @ Chemicals
<
2 - \_ 13.1 B Farm Fuel
107 \ \ B Fertilizer
5 ] — EpTaTes NN
O T T
Wang et al Shapouri, Pimentel (2003) Farrell (2006)
(1999) Duffield, Wang
(2002)

Figure 1- 6 — Total Corn Grain Ethanol Production Energy Consumption (Uniform System
Boundary’s) [11-14]

Even when uniform system boundaries and assumpdi@napplied, there are still
differences in previously published results. Tikidue in part to the system variability
found within the agricultural and ethanol procegsas well as the input data used in
individual studies, all of which comes from a wid@ge of sources. The range of
possible values within agricultural inputs is ceshby seasonal effects, soll
characteristics and geographic locations. Evemvdoenparing across ethanol facilities,
there are differences in fuel use type, fossil imisumption amounts, and ethanol
conversion efficiencies. Historically within LCA’a single value was used to represent
each input. This approach would miss the varighith the input data itself. This has
resulted in what was just seen; single valued tesidt range in value leading to
different conclusions. This study’s approach dgf that it utilizes a LCA approach
that includes a Monte Carlo simulation assessmRather than a single value, each
system input is represented by a probability dgrisitction (PDF) or a range or

probably values. This produces a probability dgrfsibction (PDF) that represents a
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range of outcomes for the ethanol production syst@ssil energy consumption and
GHG emissions. This range of outcomes, rather theusingle-value results enables us to
account for the system’s variability which provideswy insights to the ongoing debate
over ethanol’s fossil energy use and GHG redudtemefits. This method is also applied
to cellulosic ethanol production. Here uncertaintynputs is even higher since

cellulosic ethanol production processes have ybetoommercialized. A complete

description of this study’s scope, methodology, Bméations is given in Chapter 2.
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Chapter 2: Thesis Scope & Methodology

Overall Project Goal and Scope
The goal of this research is to determine the fessrgy, GHG emissions, and

petroleum displacement impacts of ethanol prodadtiom three feedstocks; corn grain,
corn stover, and switchgrass. Additionally, thisdy assesses the biomass availability
and scalability of ethanol produced from thesedhri@mass sources. Models were
created to evaluate these impacts and the scatdafol production in the near and long-
term given the potential for economic and technicllgpdvances. Corn grain ethanol
was chosen to represent current day ethanol caowgusactice as well as a benchmark
for comparing other feedstocks. Agricultural resigl are seen as the first feedstocks to
be utilized for cellulosic ethanol production. @a@tover was chosen as an example of an
agricultural residue that has the greatest poteiotidoeing the first major cellulosic
ethanol feedstock. A major reason for this is itsradance within the Corn Belt where
ethanol production facilities and distribution netks are already located. Companies
like POET, formally known as Broin, provide an exdenof a corn grain ethanol facility
expanding production to second generation biofiiglsPOET is co-locating their pilot
cellulosic facility with their corn grain ethandigmts to utilize corn stover, a local
feedstock [1]. Crops dedicated to energy produckaown as energy crops, have also
been cited as a longer-term option for biofuelsdpation. In this study, switchgrass is
analyzed as an example of an energy crop. It Wasen as it was sighted as an optimal
bioenergy crop by the Biomass Development Feed$toagram [2]. The attractiveness
of an energy crop like switchgrass is that it carglbown in a wide range of climates and
soil conditions. Therefore, unlike corn grain tov&r that is concentrated in the Corn
Belt, switchgrass can be grown in variety of regiaithin the country, providing a more

decentralized biorefinery and distribution network.

To assess the environmental impacts of these eliftdrioethanol pathways, a life-cycle
assessment (LCA) or cradle-to-grave analysis wadwtied for each of these three
bioethanol systems; corn grain ethanol, corn stettenol, and switchgrass ethanol. The

environmental impacts evaluated are the curreni@giterm fossil energy
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consumption, GHG emissions, petroleum displacenaemnt,land use impacts of
producing ethanol from these three biomass sourths.scale of ethanol production is
also assessed for each of these three feedstdblksshort and long term impact of a
growing and evolving ethanol industry is evaluateded on current and future
projections of inputs such as agricultural requigata, biomass productivity, and ethanol
conversion yields. These projections can providgght into which bioethanol
production pathways have the greatest scalablenpattand which have minimal

environmental impacts.

This thesis is divided into three main analysigises that are discussed further in the
following sections. The first is the LCA of bioettol from corn grains, corn stover, and
switchgrass, which is discussed in Chapters 3pd 5a The second section is the
scalability of each of these bioethanol pathwaysctvis discussed in Chapter 6. The
final section is in Chapter 7, which applies theA_&nd ethanol scale of production
results to assessing the feasibility and envirortedl@mpact of the new 2008 Renewable
Fuels Standard (RFS), which increased the altemn&tiels production standard from 28
billion liters to 136 billion liters by 2022 [3].

Life-Cycle Assessment Methodology and Scope; Focus of
Chapters 3,4,5

The environmental impacts of bioethanol produchiame been debated since before the
1980s. Previous corn and cellulosic life-cycleeassents have resulted in differing
conclusions over the fossil energy consumptionemdronmental benefits of bioethanol.
The disparity between prior studies is mainly cdusgdifferences in system boundary
choices, data choices, and system input valuehiitya The system boundary defines

which fossil fuel inputs in the life-cycle are inded or excluded from the analysis.
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Figure 2- 1 —LCA System Boundary of Bioethanol - Ezh sector is discussed in detail in chapters 3 &
4.

The system boundary evaluated for all LCA scenandkis analysis includes the
growing of biomass within the agricultural secteigmass transport from the farm to the
ethanol facility, and ethanol processing. Dataa@hdisparities come from acquiring
data across different sources, different time frsmaad different geographic regions.
Even when system boundaries and data sources @ka@lent, the system itself still has
variability as it is not in steady state. Systeqpuits, such as fertilizer application rates,
farm fuel use, biomass yield, and ethanol convarsies vary by year and location.
Previous studies have not been able to capturéntesent system variability as they
have used a single value to characterize each ugpistble. This approach has resulted in
a wide range of single valued results that oftewl l® varying conclusions. Therefore, to
incorporate this type of natural system variahilitys study utilizes a LCA model that

incorporates a Monte Carlo simulation approach.

Monte Carlo simulation uses an iterative probleiwiag technique to analyze
uncertainty propagation [4]. This helps determioe probable an output is: in other
words what the reliability of the calculated valag¢4]. The Monte Carlo method is
categorized as a sampling method, because thesiapeitandomly generated from
probability density functions [4]. Input varialbyliis captured in a probability density
function (PDF), which represents the probabilistiege of values an input can have [4].
The model then runs through a given number ofstndiere multiple results are

generated for each output. The final results ban be presented as probability

26



distributions or histograms that provide the raagd most probable values for a given
output [4].

To model these systems, a LCA software prograned¢&limberto was used. Umberto is
a tool that enables the modeler to visualize theer@ and energy flows throughout the
system [5]. LCA scenario-specific data is discdsseChapters 3 and 4. The LCA
scenarios were both modeled and evaluated in Umbsihg the Monte Carlo simulation
tool embedded within the program. Each Monte Csirftulation ran through 2000
iterations. Results were then exported from Unadb&rtExcel where further data analysis
was preformed. A sensitivity analysis determineat the defined values for three inputs;
nitrogen application rates, ethanol conversion, rate ethanol facility fossil energy
consumption values, affected the reported reduttgteatest. Different PDFs were then
assumed for these key system input variables grmi@ie the sensitivity of the results to
varying types of PDFs. Varying key input PDFs teslin a difference of less than 2%
of reported fossil energy use and greenhouse gdS&j@missions. Therefore, normal
distributions were assumed for all inputs defingdHe inputs average and standard
deviation from a given data set. Unlike previouslgs, this LCA approach results in a
probabilistic distribution for the fossil energynsumption, GHG emissions, and land use
impacts rather than a single point. This distidoubf outcomes was then used as a
comparison between previously stated single paftes to provide new insights to the
ongoing debate around ethanol’s fossil energy ndeGHG reduction potential as an

alternative fuel.

To assess these different bioethanol productiomwrats, metrics such as the net energy
value (NEV), GHG emissions, and land use efficiefi¢iia) are used. The net energy
value is used to determine if more fossil energyoissumed during the production of a
biofuel than is produced by the biofuel itself. TREV is often used to evaluate the
energy benefits of ethanol production. NEV is dedi as

NEV(M‘J / LEthanoI) = OUtDUtEnergy(M‘] / LEthanoI) - Z FOSS” lnDUt Energy (M‘J Fossil Fuel / LEthanoI) (2 _1)
i=1
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TheOutput Energys defined as the lower heating value of etha2bl2 MJ/L. Within

the LCA of bioethanol the idea of coproduct credits often discussed and debated.
Coproduct credits are the assignment or allocaifan energy and/or GHG credit for the
co-production and selling of another product fréva $ame energy input. Examples of
coproducts are dried distiller's grains with sok€©[DDGS), an animal feed produced
during corn grain ethanol production, and eledfyispld to the grid produced from the
burning of lignin. DDGS is the remaining mass tisatold after corn grains are
fermented and the ethanol is distilled. Lignimhie remaining mass after cellulosic
ethanol is produced, that can be burned to prgwideess heat and electricity for the
ethanol facility. Electricity produced in excesside sold to the grid, making it a
coproduct to cellulosic ethanol production. Thare a variety of methods to assess the
coproduct credit amount that can be taken to rethe¢otal amount of energy
consumption and GHG emissions attributed to ethpramuction. Methods such as
process energy, market value, energy displacerardtyeight have been used to assess
this credit. If coproducts are considered thenQbgut Energyn equation 2-1 is

expressed as:

OutputEnerg(MJ /L y..0) = Ethanol LHV (MJ/ L,.....) + Coproduct(MJ o / Leimanot) (2-2)

Greenhouse gas (GHG) emissions were calculatesllfoonsidered fossil energy flows
within the system boundary. Carbon dioxide, methand nitrous oxide were included.
GHG emissions were aggregated on a carbon dioxjdeaent basis using EPA global
warming potential (GWP) emission factbfg]. Fossil fuel emission factors were taken
from the DOE and EIA [8]. Soil nitrous oxide em@ss associated with nitrogen
fertilizer use were included within the GHG caldida as recommended by the IPCC
[9]. Photosynthetic carbon in ethanol is excludednf this study as carbon dioxide
released during ethanol combustion is assumed &bderbed from the atmosphere
during photosynthesis during the re-growth of #sedistock [10].

* Global warming potential is a measure of how macfiven mass of greenhouse gas is estimated to
contribute to global warming 6. (EIA), E.l.AJpdated State-level Greenhouse Gas Emission
Coefficient for Electricity Generation 1998-2QGl. DOE. 2002.
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GHG emissions associated with bioethanol processi@dpased on fossil fuel type and
purchased electricity. To determine the totalifdesl energy use and GHG emissions
associated with purchased electricity the EIA rec@mded US electricity emission
factors for the year 2000 and an 8% transmississ \lzere applied [6, 11]. No energy or
GHG credit was given for additional electricity tmaay be sold to the grid during

cellulosic ethanol production as this depends erdésign of the facility.

The main starch and cellulosic ethanol productiathyways modeled and evaluated are
Corn Grain Ethanol, Corn Stover EthanaindSwitchgrass EthanolWithin each

pathway there are additional scenarios that arlyzedhto evaluate how different aspects
of the system affect the results. For exampleyages that represent different
geographic regions or alternative uses of coprodugtdits are considered as well. These
three main scenarios are then projected into thedisome 20 years to evaluate how
improving aspects of the system can impact futassif energy consumption and GHG

emissions.

Below is a description of the life-cycle scenatiioat were modeled and assessed for
ethanol produced from corn grain, corn stover, amitichgrass. A complete description
of the LCA scenarios are discussed in their regpechapters. State specific studies are
evaluated to demonstrate the importance and dffatgeographic location can have on

the impacts being evaluated.

Corn Grain Ethanol (Chapter 3)

* lowa Corn Grain Ethanol — This scenario looks at corn grain ethanol prtidadn

lowa. Agriculture characteristics of lowa are usedepresent a corn grain ethanol
scenario from a high corn yield state from the CBeft. This scenario is intended to
represent the most efficient option as lowa isstia¢e with the highest average corn

yield [12]. No coproducts are assumed for thisxacde.

» Georgia Corn Grain Ethanol — Corn grown in Georgia was analyzed to illustrate

the affect of growing corn for ethanol productiorai traditionally low corn
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producing state outside the Corn Belt. This sdenaas chosen to demonstrate the
affects of using different geographic regions forrcproduction. Understanding this
will become increasingly important as the entitea@bl system expands and new
lands are utilized for corn production. In thigsario it is also assumed that the corn
produced would be shipped to an ethanol convefsidihty in the Corn Belt initially.

In the future, if enough of the feedstock was Iiycavailable, a facility could be built

closer to the feedstock. No coproducts are assdonehis scenario.

lowa Corn Grain Ethanol Plus A 20% Coproduct Credit — This scenario adds
onto thelowa Corn Grain Ethanoscenario by incorporating the assumption that a
“credit” should be given for the sale of dried dists grains with solubles. A 20% to
40% coproduct credit range has been used in #ratitre [13]. This means that
20%-40% of the process energy and thus GHG emissianot counted for in the
final result. This scenario assumes a 20% coptactedit to show how this

assumption affects the energy and GHG emissioritsesu

lowa Corn Grain Ethanol Plus DDGS—- This scenario looks at corn grain ethanol
production in lowa and considers the use of DDGS§ faility fuel source rather
than selling it as an animal feed. Burning the BI¢an be used as a fuel source to
offset an ethanol facilities natural gas and eleityrconsumption [14]. Currently,
DDGS is sold within the animal feed market resgjtim a second economic source
for the ethanol facility. A variety of changesth® system may make the use of this
product as a fuel source more economical. For plgmnder high natural gas prices
or a low DDGS market price, DDGS could be burnedftset facility fuel costs [14].
DDGS may also be used a fuel source, if facilitgsexpand to regions where there
either is no animal feed market or the transpostsare too high to ship DDGS to
market. In this scenario, burning DDGS would dftbe total corn grain ethanol

fossil energy use and GHG emissions [14].

lowa Coal Powered Corn Grain Ethanol —-Facing high natural gas prices, some

ethanol conversion facilities are being approved thilize coal as their fuel source.
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This scenario considers corn grain ethanol prodircéalva by a coal powered,
rather than natural gas powered, ethanol convefamlity. This scenario was
developed to look at the fossil energy and GHG ichpaproducing corn grain
ethanol when the conversion facility utilizes cwaitead of natural gas for its energy

needs. No coproducts are assumed for this scenario.

2025 lowa Corn Grain Ethanol— This scenario projects the lowa Corn Grain
Ethanol scenario to the year 2025 to evaluate thenpial future system NEV and
GHG emissions. This scenario is used to identifiyctv aspects of the system, if
improved could reduce the overall fossil energystmnption and GHG emissions the
greatest. lowa historic agricultural data is usedroject each input into the future

some 20 years. No coproducts are assumed fosdaigrio.

Corn Stover Ethanol (Chapter 5)

Corn Stover Ethanol — This scenario looks at ethanol produced fronm sbover.

The location of the stover is assumed to be wight® mile radius of an ethanol
conversion facility. The agricultural inputs taoguce the corn are traditionally
allocated to the grains and not the stover, asestgwa residue of corn production
[15]. A laboratory demonstrated cellulosic ethacmhversion rate of 67% (238L/dry
ton) is assumed [16]. In practice initially thiglwe would be lower. Corn stover
LCA results from a MIT PhD thesis by Jeremy Johnsdhbe used [15]. It is also
assumed that lignin, a part of the plant not cameeeto ethanol, will be used to
provide the facility’s energy requirements. A caguot credit was not assumed for
any electricity that could be sold to the grid dgrthe ethanol conversion process, as

that depends on the facility design.

2025 Corn Stover Ethanol This scenario projects corn stover ethanol prbdn
into the future some 20 years. The main assumphi@nchanges in this scenario is
the cellulosic feedstock to ethanol conversiorcedficy rate, which improves from
67% to 90% (328L/dry ton) [16]. Itis also assuntieat lignin, a part of the plant not
converted to ethanol, will be used to provide thality’s energy requirements. A
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coproduct credit was not assumed for any eleqggrtbiat could be sold to the grid

during the ethanol conversion process, as thatriispen the facility design [16].

Switchgrass Ethanol (Chapter 5)

Alabama Switchgrass Ethanol This scenario examines the use of Alamo
switchgrass as a bioenergy crop. This scenarisiders switchgrass that would
be grown in Alabama, as an example of a high bismeed state. Through
previous experimental field testing, Alabama haanbghown to have the potential
of producing high switchgrass yields [17]. Aslitcorn stover scenarios, the
location of switchgrass is assumed to be withii® anfle radius of a conversion
facility. Currently, demonstrated cellulosic etbbhoonversion yields of 67%
(238L/dry ton) are assumed [16]. Itis also asdithat lignin, a part of the plant
not converted to ethanol, will be used to provite facility’s energy
requirements. A coproduct credit was not assuraedry electricity that could
be sold to the grid during the ethanol conversimtess, as that depends on the
facility design [16].

lowa Switchgrass Ethanol This scenario represents Cave-In-Rock switclsgras
produced in lowa. This state was chosen to evalaether geographic

variation affects the systems fossil energy congion@nd GHG emissions. The
location of switchgrass is assumed to be withii® anfle radius of a conversion
facility due to economic constraints. Currentlgnbnstrated cellulosic ethanol
conversion yields of 67% (238L/dry ton) are assufd&ql. It is also assumed

that lignin, a part of the plant not converted ttme@ol, will be used to provide the
facility’s energy requirements. A coproduct cregi#s not assumed for any
electricity that could be sold to the grid durihg tethanol conversion process, as

that depends on the facility design [16].
2025 Alabama Switchgrass Ethanol This scenario projects Alabama

switchgrass grown in Alabama into the future soidegears. The location of

switchgrass is assumed to be within a 50 mile sadfia conversion facility. This
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scenario examines the systems fossil energy cortsamgnd GHG emission
impacts of improved system inputs such as biomiaz$d §nd ethanol conversion
efficiency. It is also assumed that lignin, a pdrthe plant not converted to
ethanol, will be used to provide the facility’s egyerequirements. A coproduct
credit was not assumed for any electricity that@de sold to the grid during the

ethanol conversion process, as that depends daditiey design [16].

Scalability of Ethanol Production; Focus of Chapter 6
To determine the impact that ethanol can havesgiating petroleum and reducing

GHG emissions, the long term potential scale ofipation is evaluated. This study
assesses the potential scale of ethanol produittonthree different feedstocks; corn
grains, corn stover; and switchgrass. For eaatisteek option six factors were assessed
that were determined to affect scale: land avditgptechnological feasibility, economic
viability, development and synergy of industriesligy, and environmental impact.

Each of these factors is discussed in detail fohd@oethanol production option to
identify the main barriers that will need to be ane to increase biomass availability

and ethanol production. Below are brief descripgiof each of the six factors:

» Land Availability — Land availability to either grow traditional dodbioenergy
crops, as well as harvesting agricultural resiouiédimit the scale at which
domestic ethanol production can grow. Current gi&altural land and land within
the USDA'’s Conservation Reserve Program (CRP)nsidered as potential site for
agricultural residue removal and bioenergy crogpotion. CRP land, today
estimate at 14.6 billion hectares (36 billion apresdegraded agricultural land that
has been taken out of production for environmemtasons or due to its low
productivity. This analysis, under a defined datrderia, examines the potential

biomass production from CRP land.

» Technological Feasibility— This relates to the technological challengetrkad to
be overcome throughout bioethanol’s life-cycle.r Example, within the agricultural

sector biomass yields, crop management practioeshi@mass collection techniques
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need to be improved. Additionally, biomass stonageds to be developed along

with increased cellulosic ethanol conversion rates.

Economic Viability — This discusses which factors affect the economic
competitiveness of bioethanol relative to gasoliRactors such as oil and ethanol
prices, feedstock and transport costs, cellulasiarel facility costs, and ethanol

distribution costs are discussed.

Development & Synergy of Industries- This addresses how the need for initial and
further development of the key industries affedhidfarther scale-up of corn grain
ethanol production and the need to create celluletsianol production industry.
Industries that need to be either further develapexteated include: farmers,
biomass transport infrastructure, biomass storagtfes, cellulosic ethanol

facilities, and ethanol distribution infrastructuré/ithin the corn grain ethanol
industry, development mainly relates to ethandritistion bottlenecks as the
feedstock and conversion facilities are alreadyettgyed. Within the cellulosic
ethanol industry this relates to all aspects oktigyment such as, feedstock
availability and certainty of a cellulosic markkitpmass transport, storage, facility

development, and ect.

Policy — This relates to the policy role that national atate governments play in
both initiating and motivating the increase in ltf@ol production from both starch
and cellulosic sources. Particularly this studseas the feasibility of the new 2007-
2008 H.R. 6 RFS that increased alternative fuellpction targets from 28 billion
liters to 136 billion liters [3].

Environmental Impact — This assesses the fossil energy consumptioGat@
emissions as the scale of ethanol production iseietom each of the three biomass
sources. It also considers the most effectiveofisend for biofuels production by
examining the land use efficiency, defined as itieed of ethanol produced for

hectare of land. Additionally, other environmentapacts such as soil erosion and
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ground water use are discussed as potential lmtaencreased bioethanol
production.

The potential scale of corn grain ethanol is basetheUSDA Agricultural Projections
to 2016 Baseline [18] This report projects corn grain acreage andymtaoin to the year
2016 and discusses its production and economicdtagen other crops. It was also
assumed that in the future, corn grain ethanol emwn efficiencies would only
incrementally increase as this is a mature teclyyold@he scale of ethanol produced
from corn stover is directly related to corn gramduction as an agricultural residue.
Therefore, ethanol produced from corn stover is dependent oWSDA Agricultural
Projections to 2016 Baseline [18]

Ethanol produced from switchgrass is dependenhemvailability of land and its
productivity. As there is currently not a market $witchgrass, a modeled called
POLYSYS was used to assess switchgrass productondgricultural land based on net
returns to the farmer and feedstock farm gate pfR®LYSYS is an agricultural policy
simulation model developed by the USDA, ORNL, amel tniversity of Tennessee [19,
20]. POLYSYS includes the eight major crops (cgmain, sorghum, oats, barley, wheat,
soybeans, cotton, and rice), and a livestock sébemf, pork, lamb and mutton, broilers,
turkeys, eggs, and milk). The model was modifiedlsm include hay and pasture land
[19, 20]. POLYSYS runs on a ten year time frame igrbased on the SDA

Agricultural Projections to 2016 Baselind/ithin POLYSYS, the United States is
divided into 305 agricultural districts that do mobss state lines. Switchgrass growing
characteristics, yields, and costs were addedetonibdel to determine where in and what
amounts agricultural crop land would shift fromreumt production given various
switchgrass farm gate prices. A constraint ofrtioelel is that food and export demands
as defined by the USDA 2006 baseline still neeletonet.

When the model starts, switchgrass is introducezhasption to farmers with a user

defined farm gate price. The farmer’s decisionhtange from their current cropping

practice to growing switchgrass is based on theetatns to the farmer, or in other
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words the farmer’s profit. The net return depem$actors such as farm gate price and

cost of production.

For a given farm gate price, POLYSYS delivers yedrstrict-specific data on the
amount of land in production for each crop, itsdarctivity, and how their market price
changes over the ten years. This data is thenrexpand analyzed by Excel. Overall
switchgrass production as calculated by POLYSY Stean be used to determine the
amount of ethanol produced at today’s and futurevetsion rates. The amount of
switchgrass produced and thus ethanol productiomately depends on the farm gate
price. As the farm gate price increases, so doeainount of land shifting from current
agricultural practices to switchgrass productidime maximum farm gate price is limited
by the economics of the cellulosic ethanol facitligt would be purchasing the
feedstock. Therefore, to determine the appropfata gate price range that should be
analyzed, the minimum and maximum expected farm gace is discussed. This study
also looks at where geographically traditional egtural land shifts to switchgrass
production. This provides insight as to where lutmesic industry based on switchgrass

might be located.

While POLYSYS is used to analyze the potentialsfitchgrass production on current
agricultural land, switchgrass can also be growdegraded land in the Conservation
Reserve Program (CRP). CRP land is often sitédrakthat is potentially available for
switchgrass production [21]. To consider this optithis study also examines the scale

of production that could be obtained from switclsgrgrown on CRP land.
Currently, there is 36 million acres enrolled inf€R1]. Land is enrolled within 3

potential areas within CRP; general sign-up, ca@us sign-up, and farmable wetlands
[21].
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Definition of CRP Sign-up Categorieqd21]
General —Landowners and operators apply for acceptancellmsan environmental
benefits index (EBI) during specific enrollment ipels.

Continuous —Landowners and operators may enroll certain hrghripy conservation
practices and/or to address specific environmefictives.

Farmable Wetlands —Landowners and operators can apply to enroll snwadtflood
plain wetlands

This analysis does not consider utilizing land dadbin the continuous and farmable
wetland sign-up category for switchgrass productisithe environmental reasons for
CRP enrollment are too grave. This analysis camsithree different scenarios for

utilizing general sign-up CRP land for switchgrpssduction.

» Switchgrass Production Based on General Sign-Up This considers growing

switchgrass on all of the land within the geneighsip category. Ethanol production

is calculated based on switchgrass biomass yiefg®senting current potential yields

of 3 dry tons/acre and future potential yields afrg tons per acre.

» Switchgrass Production Based On Erodibility Index EI) — Often land is enrolled
within CRP for erosion control purposes. Switclsgradue to its large rooting
system, is a crop that is often used to decreasgoer. Therefore, this scenario
considers switchgrass production on land enrollghimvgeneral sign-ups with an El
between 1 and 8, and a El between 1 and 15 [24hd lthat is enrolled with an El
greater than 15 should not be used for crop praaluciue to the environmental
damage that can be caused. For an El between dragirt, 2.7 million acres are
available for switchgrass production. For an BiMeen eight and fifteen, 361,102

acres are potentially available for switchgrassipobion.

» Switchgrass Production Based On Conservation Prace— Land is enrolled
within in CRP based on 33 conservation practicegmies. This scenario
determines the approximate amount of CRP landcdmabe utilized for switchgrass

production based on these conservation practiegoaes within the general sign-
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ups. Conservation categories considered appli¢aldwitching to switchgrass
production are labeled as “grasses”. Land theaiegorized as trees, wetlands,
buffers, and erosion control are not included. sTesults in 25 million acres that

could potentially be used for switchgrass produrciii].

Feasibility and Impact of the New Renewable Fuels Bill, 136
Billion Liters (36 Billion Gallons) by 2022; Focus of Chapter 7

In December of 2007, a new renewable fuels stangdasdpassed that increased the
alternative fuels production target from 28 billicers to 136 billion liters by 2022 [3,

22, 23]. In the nearer term, ethanol is seen asbthe more viable options for
achieving this goal given current production s@ald future capacity investment. Other
alternative fuels, such as biodiesel, gas-to-liguahd tar sands may also play arole. To
assess the feasibility and environmental impaeicbfeving this standard of 136 billion
liters by 2022 the results and conclusions fromldleethanol life-cycle assessment
models and the evaluation of ethanol’s scale ofipcton were applied. This
assessment will also identify the main areas whdwances would have the greatest

impact at achieving this production level target.

Thesis Limitations
This study covers a range of feedstock optionsyemon technologies, and system

scenarios to evaluate the impact of various paikhtoethanol pathways. While this
study spans a range of topics and issues thesgithtanitations to the scope and depth

to which this study can go. The following are thain limitations of this research:

1. Feedstock Crop Selection Though this study analyzes three potential
feedstocks (corn grain, corn stover, and switctg)raisrecognizes that there are
numerous agricultural residue and potential woaty lzerbaceous crop options
[2]. This study chose three biomass sources t@sept the current practice, and

two potential cellulosic feedstocks. Other cropshsas wheat residue, willows,
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poplars, and miscantus, have been cited as adaitiemenergy crops that could

also be used for biofuels production [2].

. Feedstock Use In Biofuels Production Biomass is scene as an opportunity to
diversify the transportation fuel mix to reduceioasl dependence on a foreign
oil imports, and decrease GHG emissions to combaagwarming. While
biomass could also be used as a fuel source foirieley generation, the power
sector already utilizes other renewable options s1¢ hydropower, solar, and
wind. Biomass can be converted to liquid fuel @itthrough a Fisher Tropshe
process or processed biochemically. This reseambhconsiders the biochemical
conversion of biomass to ethanol, as that is cuinelustry standard and Fisher

Tropshe is often not economically competitive.

. Ethanol As A Biofuel — This study only considers the production of ethas

the biofuel option produced from these biomassaesur While other biofuel
options, such as butanol (butyl alcohol) and biseliemight be produced from
biomass and may have superior properties for tiatisg and blending, this
research only considers ethanol. Ethanol is seentdofuel option that is readily
available due to its existing infrastructure anslilgescalable in the short term as

it is a mature technology.

. System Boundary— The system boundary considered includes three ma
sectors; agriculture, biomass transport, and eth@ocoessing. The system
boundary for this analysis is more specificallyidedl in each of the respective
chapters based on feedstock choice. The embodexdyein machinery or
building infrastructure was not included as theirg life-times minimize their
impact on the overall energy consumption [24]. €h#odied energy is the
fossil energy consumed during the manufacturingna€hinery and building

infrastructure.
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5. Environmental Impacts Considered- For each LCA and bioethanol scale of
production scenario the environmental impact wasrdened. The unit of
measures that define the environmental impactiddbsil energy consumption
(MJ/L), GHG emissions (gC£equ/MJ), and land use efficiency (L/ha). Only
fossil energy was considered when accounting ferggnneeded during the
production life-cycle of corn grain and cellulogithanol. Therefore, the
contribution of solar energy during feedstock pretchn was not included. The

GHG's considered are carbon dioxide, methane, &nsus oxide. Carbon

sequestered in biomass left on the field afteinatibn was also not included as a

sink in GHG calculations. The GHG impact to las& ghanges were also not

included within this analysis.

Large-scale agricultural and ethanol productioreptally consume large
amounts of water and affect the local soil and wately conditions. While these
environmental impacts are important and need tana¢yzed especially as the
scale of production increases, they were not aedlyz this research. These
conditions are often farm plot specific and requiegailed water resource
knowledge, as well as appropriate soil and nutmeodels which are beyond the

scope of this project.

6. Scale Of Ethanol- This analysis only considers ethanol produceohfcorn

grains, corn stover, and switchgrass. The prajestale of ethanol produced can

be increased if one includes additional agriculttesidues, such as wheat straw,
forest waste, and other potential energy cropsdithmhally, this study only
considered switchgrass produced in a market envieon that did not have an
agricultural subsidy. If a subsidy is appliedhe future, it could increase the
number of acres shifted into production, therelzyeasing the amount of

switchgrass produced and thus total ethanol pramtuct

7. Economics— It was outside the scope of this study to penfardetailed

economic analysis of ethanol produced from eadhede three feedstocks. This
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study recognizes that the economics of the systerordical to determining
which biofuel pathway will be pursued and optimizdéuture work focused on

this aspect would greatly complement and add ®dhalysis.

. Data Availability — The results of this study are dependent on\haadility and
accuracy of the data used. For corn grain ethaooh production data collected
from the USDA Economic Research Service (ERS) @atalvas available in
detail. For switchgrass production a national dase on yield and agricultural
inputs is not available. Therefore, data from j@ls and reports was collected
and used. This data had a wide range in inputyighdi values. Though this
variation was captured in the model, the resuftectthe high level of
uncertainty in switchgrass system inputs. In titarke, as increased amounts of

switchgrass data become available, an updatedsasalyould be performed.
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Chapter 3: Corn Grain Ethanol Life-Cycle Assessment

Currently in the United States, ethanol is prinygpitoduced from corn grains [1]. In
2006, 18 billion liters (4.8 billion gallons) oftetnol was produced, consuming 20% of
the 2006 corn crop production, and displacing 2d%ght duty vehicle gasoline
consumption [2, 3]. Utilizing an agricultural crogp produce liquid fuels has created an
intense debate around two issues; first, analyttiagenergy it takes to produce a liter (or
gallon) of ethanol and second, consuming fooddet production. This study focuses
on modeling and analyzing the first issue throughdeicting a life-cycle analysis of corn
grain ethanol production. This analysis focusetherfossil energy consumption, GHG
emissions, petroleum and natural gas consumpti@hlaad use impacts of producing
ethanol from corn grains in the United States h@Bbl produced from corn stover and
switchgrass are discussed in chapter 4.) Unlikgipus LCA studies, this analysis
integrates a Monte Carlo approach within a lifeleyassessment capturing the system
input variability. This results in a range of patibe outcomes rather than a single point
value as previous published reports have presefitedlemonstrate the importance of
regional geographic assumptions two states wergzeth lowa and Georgia. lowa is
assumed to represent a corn grain ethanol scefnamoa state in the Corn Belt with high
corn yields. To illustrate the effects of geogiaplrariation on system fossil energy use,
greenhouse gas emissions, and land use efficietttgnol produced from corn grown in

Georgia, a traditionally low corn yielding statesagdso analyzed.

As ethanol production expands to regions outsideXbrn Belt and as fossil energy costs
increase, corn grain-based ethanol facilities nfese two paths to either decrease fossil
energy consumption and GHG emissions or reduceatpgrcosts. The first pathway
analyzed is the facility’s option to burn the drudidtiller grains to offset facility fossil
energy consumption and fuel operating costs. Arsgpotential pathway is burning coal
instead of natural gas as a primary fuel sourceth Bhese pathways are modeled as a
potential future step in this industry, and therefis analyzed and compared to current
corn grain ethanol facilities based on fossil egergnsumption and GHG emissions.
Additionally, as current renewable fuels standadscementing the production of corn

grain ethanol in the future, a scenario represgritie year 2025 is analyzed to help focus
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current policy and research efforts to have thatgist impact at reducing fossil energy

consumption and GHG emissions in the future.

This chapter is broken up into three sections; goain agriculture, corn grain transport,
and corn grain ethanol processing. Each sectisorites they system boundary for the
sector, system inputs, and presents fossil enerdyzHG emission results. The end of
the chapter integrates all three sections to peoaidystems perspective and to discuss

the overall fossil energy and GHG impact of prodgatorn grain ethanol.

Corn Grain Agriculture

History of US Corn Grain Production
Corn production in the United States is centerdtliwithe Corn Belt where

approximately 83% of 2007 corn grain production wesduced from 10 states (lowa,
lllinois, Nebraska, Minnesota, Indiana, Ohio, SoD#kota, Wisconsin, Missouri, and
Minnesota) [4, 5]. Figures 3-1, 3-2, and 3-3 digpthe historic harvested corn acreage,
US total corn grain production, and average coetdyirom 1925 to 2006 [4, 5].
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Figure 3-1 — US Corn Grain Harvested Acreage (1928006) [4, 5]

45



In the past few years acreage dedicated to cowtuptimn has increased due to increased
demand from the ethanol industry. From 2006 to/20@rvested corn acreage increased
20%, coming mainly from soybean acreage which i®iation with corn grain [4, 5].
Soybeans are often rotated with corn as a mechanisi@crease corn grain fertilization
requirements and increase soil quality. As farmeseasingly grow corn without

rotating the land with soybeans, additional feréitiwill be needed as the soil nutrient
benefits of crop rotations are not realized. Tinseased fertilizer application increases
the amount of overall energy the system consumesbss magnifies the current

environmental impact that fertilizers already have.
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Figure 3-2 — US Corn Grain Production (1926-2007¥], 5]
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Figure 3-3 — US Average Corn Grain Yield per Harveted Acreage (1926 to 2007) [4, 5]

From 1926 to 1955 corn grain yields per acre nedolybled from 25 bu/acre to 50
bu/acre. Then between 1955 and 1985 a 10% increasen yields was seen, and from
1985 to 2007 corn yields doubled again to the cuirday average of 152 bu/harvested
acre. Yields have increased over the years dtertibzation, genetic engineering, and
improved crop management practices. Corn is isetlwith nitrogen, phosphorus, and
potassium. Figure 3-4 displays the historic appion of these three fertilizers during
corn production. Initially there was a large irase in the application of nitrogen
fertilizer, while in the past 20 years the applicatrate has stayed within 123-136
Ib/acre. Agricultural input quantities such asdiag rate, fertilizers, and irrigation,
depend on the local soil and climate conditions thiedefore can vary greatly depending

on geographic location.
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Figure 3-4 — US Corn Grain Average Fertilizer Application Amounts (1965-2004) [4]

Genetically engineered crops which came into ugkarate 80s and early 90s made

crops insect and herbicide resistant and furtheeased corn yields [5]. Additionally,
corn has been modified for the production of hyleriops which are often taller and have

greater yields [6]. Figure 3-5 represents thegm@rof corn acreage from 2000 to 2005

that is growing genetically engineered corn grfifjs Figure 3-6 represents the total

acreage planted with genetically engineered cohmitg{6, 7].
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Figure 3- 5 — Percent of Genetically Engineered Carin the United States. [5] Sources: 2000-2001:
U.S. Dept. of Agriculture, National Agricultural Statistics Service (NASS), Acreage. June 29, 2001.

Figure 3-6 - Statewide percentage of total corn aes planted with genetically engineered corn

hybrids in major corn producing states in 2005. Con produced in these states represents 81% of US
corn production. Source: http://www.geo-pie.cornelledu/crops/corn.html

As ethanol production has increased so has thertkfoacorn grains. This increase in
demand for corn has also resulted in increasedmacas which have seen record highs.

Figure 3-7 displays the average monthly nationigepof corn from 1960 to 2006.
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Between the late 1990s and today, corn grain ptiege almost doubled from increased
ethanol demand. This increase has negativelytaffdbe cattle market as their feed
prices have increased, and other corn-based padtiigh corn prices are causing
farmers to plant additional corn acreage whichtisrodisplacing other crops such as soy
beans, wheat, and cotton. As these other cropsiedisplaced their prices are also
expected to rise. Though some of these econosuessare in the short term the global

ramifications of increased corn prices in the lomg still remains to be seen.

US Monthly Average Corn Farm Price Received
for the 1960 - 2006 Calendar Year(s)

$/bu.

Source: http://mww.nass.usda.gov/iindex.asp

Figure 3- 7 — US Monthly Average Corn Farm Price Reeived (1960 to 2006)
http://www.farmdoc.uiuc.edu/manage/pricehistory/PriceHistory.asp

Corn production will continue to increase as ethaapacity in the US expands and
greater amounts of corn grain are required [1]is Gnowth in both the agricultural and
ethanol producing industries comes at an enviromahenst when current practices are
used. Analyzing this current system and projedtimgto the future can provide insights
that can be used to limit this impact. Historentils for system inputs, such as the ones

discussed above, were projected to the year 202f#de future models that assessed the
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potential of this improvement. Historic trendscaddlow one to see when and how
improvements occurred, providing insight that carapplied to alternative systems, such

plants grown for cellulose.

Corn Grain Agriculture Life-Cycle Assessment Inputs
This section describes the assumptions, systemdaoynand input variables for current

and future corn grain production in the United &atTo minimize system variability

and to demonstrate the impact of geographic vanastate specific data was used to
model each system scenario. lowa is used to repirashigh corn yielding state within
the Corn Belt, and is the main focus for this stadyt characterizes today’s best case
scenario. Georgia is analyzed to show how thdtseate affected by geographic
location, which is important as feedstock and etharoduction are expanding to
traditionally less productive lands outside therCBelt. To determine where within the
agricultural sector, system improvements would ltheegreatest impact on fossil energy
consumption and GHG emissions, a future corn priocluenodel was also created.
Historic data was used to project current inputigalto the year 2025 as inputs for this

future scenario.

The system boundary for the agricultural secoffiororn grain production includes [8]:

1. Corn seed production and planting rates

2. Nitrogen, phosphate, and potash fertilizer produntiransport and
application rates

Lime production, transport, and application rates

Herbicide and insecticide production, transportatend application rates

Farm machinery fossil fuel consumption

o g kM w

Farm electricity consumption

USDA and ERS state-specific agricultural data sets 1995-2004 were used to
characterize the probability density functions (BDfér variables such as yield, fertilizer
application, and farm machinery fuel consumptiop [Bhe model inputs for lowa and

Georgia corn production are shown in Table 3-1Baldle 3-2. Each main system input
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variable is either modeled as a probability denitction characterized by a normal
distribution.

Only fossil energy was considered when accountmn@mhergy needed during the
production life-cycle of corn grain ethanol. There, the contribution of solar energy
during feedstock production was not included. ©arbequestered in biomass left on the
field after cultivation was also not included asirgk in GHG calculations. System inputs

that were applied to the 2025 future corn ethaoehario are presented in Table 3-3.
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Corn Grain Ethanol System Inputs

Direct System Input Values lowa Georgia
Farm Input Values
Corn Yield® bu/acre 145 21.7 100 32.3
Corn Yield bu/ha 358 53.6 247 79.8
Corn Yield Mg/ha 9.1 1.4 6.3 2
Nitrogen Fegigf:er Application kg/ha 141.7 5.6 142.3 11.2
Phosphate Fertilizer Application kg/ha 20 53 59.4 56
Rate
Potash Fertilizer Application Rate kg/ha 86.5 6.1 88.5 5.6
Lime Application Rate’ kg/ha 280 - 280 -
Herbicide Application Rate® kg/ha 8.2 1.6 8.6 1.34
Insecticide Application Rate kg/ha 0.86 0.34 0.36 0.17
Seed Production Planting Rate® kernel/ha 67,431 - 67,431 -
Corn Seed Production Energy kJ/kernel 0.64 ) 0.64 )
Input
Farm Machinery Electricity® kW-hr/ha 415 16.3 73.1 53.8
Farm Machinery Gasoline liters/ha 11.2 0.65 23.4 12.7
Farm Machinery Diesel liters/ha 43 2.7 138.4 324
Farm Machinery LP Gas liters/ha 67.3 6.9 4.7 2.4
Corn Transport
Distance (roundtrip) km 161 - 161 -
Loaded Engine Fuel Efficiency km/liter 2.1 - 2.1 -

® Corn yield is state specific and gathered fromWlsA ERS and NASS database. lowa’s average corn
yield is based on a country average corn yields ft®95-2005. Georgia’s average corn yield is based
county average corn yields from 1996-2005

® Fertilizer application rate data is gathered fttva USDA ERS and NASS database. lowa’s average
fertilizer application rates were averaged from@2801. Georgia’'s average fertilizer applicatiateris
from 1996-2003.

9. Shapouri, H., J.A. Duffield, and M. Warnihe Energy Balance of Corn Ethanol: An Updae.
USDA. 2002.

8 Herbicide and insecticide state specific date gatbered from the USDA ERS and NASS database
°10. Graboski, M.SEossil Energy Use in the Manufacturing of Corn Etbla2002: Colorado School
of Mines.

10 All farm machinery was based on the USDA ERS dagab
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Unloaded Engine Fuel Efficiency km/liter

Trailer Capacity Mg/trailer

Ethanol Processing**

Natural Gas scf/liter
Natural Gas MJ/liter
Electricity kW-hr/liter
Electricity Generation Efficiency %
Ethanol Conversion Efficiency™ gallon/bu
Ethanol Conversion Efficiency Liter/ha
Ethanol Conversion Efficiency Liters/Mg

3.4
22-25

8.9
11
0.3
32.5%
2.7
3,686
405

1.8
0.4
0.1

0.2
273
30

3.4
22-25

8.9
11
0.3
32.5%
2.7
3,686
405

1.8
0.4
0.1

0.2
273
30

Table 3-1 — Corn Grain Ethanol Life-Cycle Assessmearsystem Input Values for lowa and Georgia.
Inputs are modeled as either a normal distributionor a single point value. Data is from the USDA
ERS and NASS agricultural databases. The electritgi generation efficiency and transmission and
distribution losses are included to determine the @ual amount of energy consumed for a delivered
amount of purchased electricity. All energy valuesire based on the LHVof the fuel. Ethanol's LHV

is assumed to be 21.2 MJ/liter. All values are coprted values from Table 3A-1

™ The natural gas and electricity consumption fomeerage corn grain ethanol facility was basedin 1

Shapouri, H. and P. Gallagh&fSDA's 2002 Ethanol Cost-of-Production Suney. USDA.

2005.

12 Based on an average of reported corn grain etlammlersion values
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Upstream Farm Inputs Production Energy

Inputs™ Units Average

Nitrogen Fertilizer Production

Natural Gas scf/kg 37

Electricity kW-hr/kg 1.7
Phosphate Fertilizer Production

Natural Gas scf/kg 12

Electricity kW-hr/kg 0.6
Potash Fertilizer Production

Natural Gas scf/kg 2.4

Electricity kW-hr/kg 0.5
Herbicide Production

Natural Gas MJ/kg 107
Electricity kW-hr/kg 20.2

Distillate Fuel MJ/kg 14.3
Naphtha MJ/kg 72

Insecticide Production

Natural Gas MJ/kg 117.7
Electricity kW-hr/kg 26
Distillate Fuel MJ/kg 9.9

Naphtha MJ/kg 63.3

Lime Production

Electricity™ MJ/kg 0.375

Table 3-2 — Upstream Energy Consumption for the Défed Agricultural Inputs (All values are
converted values from Table 3A-2)

13 Fertilizer, herbicide, and insecticide producterergy is from: 10. Graboski, M.F0ssil Energy Use
in the Manufacturing of Corn Ethand002: Colorado School of Mines.

1412.  West, T.O. and G. Marlan8l,synthesis of carbon sequestration, carbon entissiand net
carbon flux in agriculture: comparing tillage praces in the United StateAgricultural Ecosystems and
Environment, 200291 p. 217-232.
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2025 lowa Corn Grain Ethanol System Inputs
Direct System Input Values Units Average gte?/ri]gt?(;?]
Farm Input Values
Corn Yield™ bu/acre 203 21.7
Corn Yield bu/ha 501 54
Corn Yield Mg/ha 1237 1.4
Nitrogen Fertilizer Application Rate™ kg/ha 158.8 5.6
Phosphate Fertilizer Application Rate kg/ha 73.5 5.3
Potash Fertilizer Application Rate kg/ha 90.9 6.1
Lime Application Rate'’ kg/ha 280 -
Herbicide Application Rate kg/ha 8.2 1.6
Insecticide Application Rate kg/ha 0.9 0.3
Seed Production Planting Rate kernel/ha 67,431 -
Corn Seed Production Energy Input kJ/kernel 0.64 -
Electricity kW-hr/ha 41.5 16.3
Gasoline liter/ha 11.2 0.65
Diesel liter/na 43 2.7
LP Gas liter/ha 67.3 6.9
Corn Transport **
Distance (roundtrip) km 161 -
Loaded Engine Fuel Efficiency km/liter 3 -
Unloaded Engine Fuel Efficiency km/liter 4.3 -
Trailer Capacity Mg/trailer 22-25 -
15 Based on an assumed 1.2% yearly increase in geidsy13. JP Morgan Securities,lhyesting

in Ethanol 2006, North American Corporate Research.

18 Fertilizer application rates fluctuate between%-8f the average between 1996-2002. This study
therefore, assumed a 5% increase in fertilizeriegipbn rates from 2002 levels in the year 2025 A
increase was assumed as increase soil erosioroam@éxpanding to less productive land, will in fhure
require more fertilizer.

" Lime, herbicide, and insecticide application ratese assumed to stay constant

18 Engine fuel efficiency was assumed to increasengine efficiency is continually increasing
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Ethanol Processing "

Natural Gas scf/liter 7.6 1.8
Natural Gas Mg/liter 7.5 1.9
Electricity kW-hr/liter 0.25 0.1

Electricity Generation Efficiency % 32.5% -
Ethanol Conversion Efficiency® gallon/bu 2.9 0.1
Ethanol Conversion Efficiency liters/Mg 435 15
Ethanol Conversion Efficiency liters/ha 5,476 189

Table 3-3 — 2025 lowa Corn Grain Ethanol LCA Systentnputs (All values are converted from Table
3A-3)

Corn Grain Agriculture Life-Cycle Assessment Fossil Energy
Consumption and GHG Emission Results

Figure 3-8 and Figure 3-9 display the fossil enargysumption and GHG emission
PDFs of the agricultural inputs for lowa corn protion. Each variable is represented by
a white box symbol with whiskers. The white bogresents the mean plus or minus one
standard deviation. This represents the probpbiiat 67% of the time the results will

be within this range [15]. The whisker represqaits or minus 3 standard deviations,
this represents the probability that 99% of theetiifme results will be within this range
[15]. When considering all the corn grain agrictdiunputs in lowa, 7,405 MJ/acre or
51.2 MJ/bu of fossil energy is consumed. Nitrotgtilizer accounts for 43% of this
agricultural input energy, due to its high prodantenergy intensity and high application
rates. Nitrogen fertilizer, farm machine fuel comgption, and herbicides account for
84% of the total agricultural energy consumptianirthis sector. Due to the transport of
nitrogen by both wind and soil erosion to nearbyawvaodies a phenomenon known as
nitrification can occur. This lowers the waterygen level affecting animal life and the

overall balance of the ecosystem.

19 Assumed a 7.5% decrease in facility fossil fuelstonption. | was assumed that improvements in
machinery efficiency would occur. These values alsrrelate to the lower numbers being reportedyod
for a corn grain ethanol facility 14. Wang, MEffects of Fuel Ethanol Use on Fuel-Cycle Energy an
Greenhouse Gas Emissiod®999, IL: Argonne National Laboratory.

20 Current ethanol facilities are reporting etharmiwersion efficiencies of 2.9 gal/bu. It was assdrthat
in the future this value would be the industry ager.

57



10,000

9,000
8,000 #?}84
7,000
6,000
5,000
4,000 #ﬂﬂﬂ

3,429

3,000

2,000
1,000 =f=1.39

MJ/ha

——694
-|-342 ——326 | ——198 |

Nitrogen Machine Herbicide Phosphate Potassium Insecticide Lime Com Seed
Fertilizer Fuel Use Fertilizer Fertilizer Production

Figure 3-8 — lowa Corn Grain Agricultural System Inputs Energy Consumption

1800
1600

1400 $1,363

1200

1000
800

600 %Ms
400 361
200 $

0

Nitrogen Herbicide Machine Phosphate Potassium Lime Insecticide Corn Seed
Fertilizer Fuel Use Fertilizer Fertilizer Production

kg CO2-equ/ha

=147 —+—109 — 7 4 +60

— 17 |

Figure 3-9 — lowa Corn Grain Agricultural System Inputs Greenhouse Gas Emissions

Within the agricultural sector there are GHG enaissidue to the fossil energy consumed
to produce the agricultural inputs, the direct flossergy consumption by farm
machinery, and the emission of nitrous oxide byapplication of nitrogen fertilizer. For
this analysis a soil nitrous oxide emission factot.25% of the applied nitrogen

fertilizer use was included within the GHG calcidatas recommended by IPCC [16].
The total GHG emissions attributed to the productbcorn in lowa is 1.05 Mg CO
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equ per acre or 7,291gG@qu per bushel of corn produced. The productfaritoogen

fertilizer accounts for 53% of the total agricuiuGHG emissions.

Comparing the magnitude and GHG impact of eachtiapables one to focus potential
future efforts towards areas that would have tleaigst impact. Additionally, it
identifies the input variables whose values andabdity most affect the results. For
example, focusing efforts to decrease nitrogeniegipbn rates, either through improved
crop management practices or genetic engineeriagldihave a greater impact than
decreasing phosphate or potassium fertilizer lisis.also important to remember that
these input values represent a high corn-yieldiatgs Corn produced in other states
such as Georgia, have higher input values, iregatequirements, and lower yields

which result in increased fossil energy use and @r&sions.

Corn Grain Transport

Corn Grain Transport System Boundary
From the farm, corn grain at 15% moisture contgmtansported to the local elevator or

ethanol facility. Ethanol facilities receive cagrain either directly from a farmer or
through contract or spot purchase from a localat®\{10]. Ethanol facilities typically
have enough corn grain storage to receive cormsmps every month. The average
total distance radius from the farm to an ethaaoillity is assumed to be 50 miles. This
is a fixed number and not represented by a PDFusedaaccurately represents the
current state of the industry and the impact ofitieenass transport is minimal.
Additionally, while there are multiple types of tispportation vehicles such as wagons,

and single and tandem axle trucks; a majority of ¢® moved in semi trucks [10].

The system boundary for the corn grain transpatioséncludes:
1. Semi-trailer truck capacity of 875-100 bu/truck
2. Diesel fuel consumption assuming a 100-mile roupdtom the farm and
corn storage station to the ethanol processingjtiaci
3. Semi-trailer truck loaded fuel consumption of 5esibal and unloaded fuel

consumption of 8 miles/gal [17].

59



Corn Grain Transport Fossil Energy Consumption and GHG Emission
Results

Corn grain is assumed to be transported by traiden the farm gate to the elevator
and/or ethanol facility. A 100 mile round trip ¥ed distance was assumed. This results
in the consumption of 0.3 MJ of petroleum energystoned per liter of ethanol
produced and the emission of approximately 1g€qu/MJ-Ethanol. This value
depends on the transport distance, the traileraifgpand the assumed engine
efficiencies. The transport of corn grains to ¢klganol facility accounts for less than 2%
of the total life-cycle assessment energy consuwmpgven if the round trip travel
distance was increased to 200 miles the corn ¢ramsport energy consumption would
be 0.57MJ/L, a small fraction of the total systemergy consumption. The limiting
factor in the transport distance generally is t®environmental impact but its cost. The
transport cost of shipping corn grain greatly dejseon trailer capacity, transport

distance, and diesel fuel prices.

Corn Grain Ethanol Processing
In the past 7 years the production of ethanol haerthan tripled, mainly due to the

phasing out of Methyl Tertiary Butyl Ether (MTBE)ew policy, and government
incentives (Figure 1-2). In 2000, the EPA recomneehtthe phase out of MTBE, a fuel
oxygenate, due to its presence in drinking watanffeaking holding tanks [18]. Ethanol
production also increased due to the RenewablesFStehdard (RFS), which took affect
in 2007 mandating the production of 28 billiondig®f renewable fuel by 2012 [19]. At
the current capacity expansion rate this produdgweal is expected to be reached by

20009, three years early [2].

Though there is a current debate surrounding tkiga@mmental benefits of ethanol, it is
not a new one. Throughout the 70’s and into the B&searchers and environmentalist
were analyzing the fossil energy consumption ands@&rhissions associate with the

production of corn grain ethanol in the United 8sat Figure 3-10 summarizes eighteen
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studies that analyzed the ethanol facilifiessil energy consumption from the mid 70s till
today [9, 10, 14, 20-31].

History of Facility _Fossil Energy Input For Ethanol Production
45 A Scheller & Mohr (1976)
mReilly (1978)
404 A =
# Solar Energy Research Institute
(1980)
= W Henry Bungay (1981)
35 1 # Green & Griffin (1983)
Vaclav Smil (1983)
30 1 @ Marland & Turhollow (1990)
5 @ Pimentel (1991)
c i
g 25 Keeney & Deluca (1992)
LT-" M Lorenz & Morris (1995)
= 20 " hd
g » ® Shapouri (1995)
* Ho (1998)
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10 1 X Graboski (2002)
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51 @ Pimentel (2005)
Farell (2006)
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Figure 3-10 — Historic facility fossil energy requiement to produce a gallon of ethanol [9, 10, 1402
31].

The average fossil energy consumption to produgalan of ethanol has decreased by
60%. This is due to increases in the efficiencthefmal mechanical processes and
increased ethanol conversion rates. Throughout@kse=thanol facilities were mainly
powered by coal, while today the majority of fae#s are powered by natural gas and

have higher thermal efficiencies [32, 33].

Corn Grain Ethanol Processing Overview
This section describes the general corn grainharetl conversion process as well as the

main steps in a dry mill ethanol conversion fagiliEthanol facilities are categorized as
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dry or wet mills depending on the pretreatmenthefdorn kernel before fermentation. In
a dry mill ethanol facility the entire corn kerngffirst ground into a flour called “meal”
and then converted to ethanol via fermentationauttseparation [34, 35]. In a wet mill
facility, the corn kernel is separated into stappfotein, germ and fiber in an aqueous
medium prior to fermentation [2, 35]. Currentlydnill ethanol facilities account for
82% of the ethanol production as they get highter ohreturns on their investment [2,

36]. For this analysis a dry mill ethanol facilisyrassumed.

Corn is approximately 70% starch, 10% protein, 5%@aod 15% other materials such as
fiber, ash and water (Figure 3-11) [37]. Starch golymer of sugar called a
polysaccharide which is comprised of two typesarbohydrates, amylase (20%) which
is water-soluble and amylopectin (80%). Stardhéspart of corn that can be hydrolyzed
by acids and enzymes to fermentable sugars. Exangpfermentable sugars are D-
glucose, D-mannus, D-fructose, D-galactose andose]l88]. To produce ethanol, the
starch first needs to be converted to sucrosgedysugar. This step is called
saccharification. Sucrose is then broken down &rrth simpler and fermentable sugars
called glucose and fructose. These sugars ardeh@mented with yeast to produce
ethanol and carbon dioxide. Equations 3-1 thra@@represent the three main overall

reactions that occur when converting starch torethi38].

Corn Kernal Componants Corn Composition
e (FRt e Starch (70%) — C¢H,,O5
: Chuten (Figh In Prosieli) Protein (10%)
¢ Sarchigretfermell - Cellulose (6%)
2 Pyemh igh Hemicellulose (6%)
Rest (8%)

Figure 3- 11 - Corn Grain Composition
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Saccharifcation Step

(CoHL.O,), +2H,0 - 0Pt McH,,0, Equation(3-1)
Starch 2 2 Sucrose

Fermentatbn Step

C,,H,,0, + H, 0O M E¥T°, 2 C,H,,0, Equation(3-2)
[ — —_——
Sucrose Glucose & Fructose
C,H,,0, O™ P, 2C,H,OH +2CO, Equation(3-3)
Glucose& Fructose Ethanol

The amount of ethanol that can be produced is akp#ron the starch content in the corn
kernel and the tolerance of the yeast to high etheoncentrations. During fermentation
there is a maximum alcohol concentration of 14%rai#thich the process becomes self-
inhibitory and the metabolic activity of the yeastaises [38]. Two main coproducts are
also produced in this process, an animal feed kremnaried distiller’s grains with
solubles (DDGS) and carbon dioxide. DDGS is predutom the kernel protein content
that is not fermentable and carbon dioxide is pcedwuring fermentation. These
coproducts can often be sold for an additionaliprdfhe conversion process of corn to

ethanol and the production of these coproductsheillliscussed in the following section.

Process Flow Description of a Dry Mill Corn Grain E  thanol Facility
Figure 3-12 represents a process flow diagramtybiaal dry mill corn grain ethanol

conversion facility. Initially, the corn kernelmsechanically broken down in a hammer
mill to expose the starch cell walls since the [sobetween starch molecules are not very
strong [34]. High temperature water {@%is then added in a slurry tank and jet cooker
to additionally help in the break down of the matler This mixture is now called

“slurry”. The starch cell walls need to be expoaed broken down so that enzymes
called alpha-amylase and gluco-amylase when adaletireak down the starch into
simpler fermentable sugars [34]. When the enzyanesdded the substance is called
“mash”. Once the starch is converted to sugaretiee¢o be cooled to the fermentation
temperature (3F) [34, 38].
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Figure 3- 12 — Typical Dry Mill Corn Grain Ethanol Processing Facility www.midwestethanol.com

The two most important parameters in the fermemngtrocess are temperature and pH
level. Fermentation is an exothermic reaction thiedefore cooling water is needed to
keep the container temperature constant % g#]. Additionally the pH needs to be
maintained between 3 and 5 [34]. There are twegyyf fermentation; continual or
batch. During a continual fermentation processtiash is pumped from one container
to another. For a batch fermentation process #hmtays in the same container for 2
days with continuous mixing [34]. At the end oétlermentation process the mixture
that exits the container, called “beer”, is appnexiely 10% by volume ethanol and

contains all the solids from the original feedst{@4].

The beer is then distilled resulting in 190 proof®6% ethanol mixture. This mixture
then goes through a dehydration step where thein@rgavater is removed by passing
the mixture through a molecular sieve resulting® proof ethanol called anhydrous
ethanol [34]. The 200 proof ethanol is then deretdry adding 5% gasoline to prevent
human consumption [34]. Corn grain ethanol’s cosioa efficiency is approximately
2.5-2.8 gal/bu depending on the age of the fadlitgl the processes [35]. The theoretic
maximum conversion rate for corn grain ethanokaad 2.9-3.1 gal/bu depending on
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the starch content of the kernel [39]. If all 8tarch and cellulose in the kernel are
converted to ethanol, the yield can reach 3.3%g429]

The residue remaining at the end of distillatioreferred to as “stillage” and is pumped
from the distillation columns to the coproduct mesing sector. The stillage is sent
through a centrifuge to remove excess liquid, wiaziah be reused in the liquefaction step
[34]. The remaining solids are referred to as avstillers grain (WDG) and can be sold
as animal feed. Depending on the shipping dist&b& may need to be dried further
due to its short storage life and high shipping émsn the excess water weight. If
additional drying is required, the WDG is put thgbua dryer to remove additional water
until the final product has a 10% moisture conf{8a}. This product is now called dried
distillers grain with solubles (DDGS) [34, 38]. ing the production of ethanol, 17-18
Ibs of DDGS are produced per bushel of corn [1, 36]the United States the majority of
DDGS is fed to ruminant feedstock (beef and daatyle€) with some also being fed to
pork and poultry [1]. While selling DDGS providadditional income, it can also be
used as a fuel source by the facility to displassil fuel consumption in times of high
fuel prices. As an example, Corn Plus of Winneblslgmnesota is utilizing the energy
content of DDGS to displace the facilities natga$ consumption [40]. This alternative
use of DDGS can also be applied in geographic nsgichere an animal feed market is
not available or transport is to costly. The caonption of DDGS as a fuel source rather
than a feed source provides corn grain ethanditfasiwith an additional economic
alternative. The path DDGS takes will ultimatefydeetermined by economics, which

depend on transport distance costs, the DDGS mankétfossil fuel costs.

Corn Grain Ethanol Processing: Fossil Energy Consum ption and
GHG Emission Results

The system boundary for the corn grain ethanolgssiag sector includes:

1. Natural gas and electricity inputs as the energut® utilized by the ethanol
processing plant to convert corn to ethanol [Ihe electricity transmission
and distributions losses, as well as the powertiglémermal efficiency and
fuel mix are also included with the system boundary

2. The values for the fossil energy inputs are defimetable 3-1
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3. Enzyme, chemical, and yeast production energyarieided
4. The embodied energy in construction materials wakided

A corn grain ethanol facility selling DDGS consunegsaverage 12 + 2.1 MJ of fossil
energy per liter of ethanol produced (43,250 + @,6BTU/gal Ethanol). Facility’s
consuming 12 MJ/L of fossil energy result in theigsion of 54 £ 11 gC@equ/MJ. In

the future, it is assumed that through mechaniedlthermal efficiency gains, that the
fossil energy consumed by an average ethanoltiaciiuld decrease by 17% to 10 MJ/L
(35,870 MBTU/gal) (Table 3-3). This would trangldab a 15% decrease in GHG
emissions.

Grain Ethanol Energy Consumption and GHG Emission Results
The total system boundary for corn grain ethanotpction is summarized below:

For Corn Grain Production [8]:
7. Corn seed production and planting rates
8. Nitrogen, phosphate, and potash fertilizer produntiransport and
application rates
9. Lime production, transport, and application rates
10.Herbicide and insecticide production, transportatend application rates
11.Farm machinery fossil fuel consumption
12.Farm electricity consumption
For Corn Grain Transport:
13. Semi-trailer truck capacity of 875-100 bu/truck
14.Diesel fuel consumption assuming a 100-mile roupditom the farm and
corn storage station to the ethanol processingjtiaci
15. Semi-trailer truck loaded fuel consumption of 5ewsibal and unloaded fuel
consumption of 8 miles/gal [17].
For Corn Grain Ethanol Processing:
16. Natural gas and electricity inputs as the energut® utilized by the ethanol

processing plant to convert corn to ethanol [IThe electricity transmission
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and distributions losses, as well as the powertsldéimermal efficiency and
fuel mix are also included with the system boundary
17.The values for the fossil energy inputs are defimetable 3-1
18.Enzyme, chemical, and yeast production energyaieded

19.The embodied energy in construction materials watided

This section presents and discusses the fossiygreensumption and GHG emissions
for the entire corn grain ethanol life-cycle assemst. Five different scenarios were
evaluated to examine the sensitivity of the redoltsystem inputs and to evaluate the
impacts of a growing ethanol industry. These siesavere also used to analyze the
environmental impact future bioethanol producinthpays may have. The first
scenario represents today’s current best pradticesrn production and ethanol
processing in lowa. This scenario is calleda Corn Grain Ethanol As corn grain
ethanol production expands, other geographic regieay need to be utilized for corn
production. This geographic shift will lead tofdient agricultural inputs and values.
Sensitivity to geographic location is examined bysidering corn grown outside the
Corn Belt in Georgia a typically low yield corn piucing state. This scenario is called
Georgia Corn Grain Ethanol Additionally, as ethanol production expands ey/the
Corn Belt, and as fuel prices continue to increasgew role for DDGS as a fuel source
may emerge. The use of DDGS as a fuel sourceanragrain ethanol facility is
represented bpwa Corn Grain Plus DDGSAdditionally, as natural gas prices
increase, new facilities powered by coal, less Bgpe energy option, are being
considered. This scenario is representetbissa Coal Powered Corn Ethanolt is also
assumed that in the near future ethanol will benten contributor to achieving the
administrations alternative fuels goal of 136 bitliliters per year. Therefore, an
additional corn grain ethanol model was createsevtduate how agricultural and
technological improvements over the next 20 oresary can improve the bioethanol
system fossil energy requirements and GHG emissidris scenario is calle2ZD25 lowa

Corn Grain Ethanal

67



This analysis was initially separated into threet@es; agricultural, corn grain transport,
and ethanol processing, to compare the relativenae of each sector and to identify
the system inputs that have the greatest impafdssil energy consumption and GHG
emissions. Figure 3-13 and 3-14 present the agdsgil energy consumption and
GHG emissions for each of the three sectors fofileescenarios. The ethanol
processing sector is the major contributor to §fstesn’s energy consumption and GHG
emissions. For example, the ethanol processirngrsepresents 70% and 60% of the
totallowa Corn Grain Ethanosystems fossil energy and GHG emissions respégtive
When this input is displaced, as in the DDGS sdentre total fossil energy
consumption decreases between 70%-76%. The &s=igy consumption and GHG
emissions of the lowa corn transport sector acsofantless than 2% in all scenarios,
expect Georgia, where it is assumed that corn wobelttansported to a facility in the
Corn Belt. Georgia, being an example of a low goetd producing region, consumes
more than double the fossil energy of lowa duriagh@roduction. This is due to lower
production yields and higher values for agricultimputs such as fertilizer. In the
future, corn grain ethanol facilities could be buil Georgia which would decrease the
corn grain transport distance. If the corn greamsport distance was decreased to 100
miles roundtrip, the as assumed for the lowa segnewrn ethanol produced in Georgia

would consume 23.3 MJ/L of fossil energy consumptad emitted 126 gGOJ.

When the ethanol conversion facility is powereccbgl instead of natural gas, the
facility fossil energy consumed and GHG emitteda@ase by 42% and 30% respectively.
The future scenario shows a potential to decregiseudtural and ethanol processing
fossil energy consumption by 30% and 15% respdgtiiexamples of potential system
improvements are improved crop management practiceg yield per acre, increased

farm machine fuel efficiency, and increases in agmain ethanol conversion rates.
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Figure 3-15 presents the net energy value (NE\¢pofh grain ethanol production
compared to four previous published reports, ahwhe same system boundary, as
reported by Farrell [23]. The NEV is defined as #nergy content in a liter of ethanol
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minus the total fossil energy consumed to produ@dquations 2-1 and 2-2)lowa

Corn Grain Ethanols used as a comparison to validate the MonteoGgmproach and to
clarify the debate over the energy benefits of gvain ethanol [23]. The white

symbol’s represents the NEV without the allocatdicoproduct credits, while the
shaded or black symbol’s includes coproduct credisch box represents the mean plus
or minus one standard deviation (67% of the mead)tlae whisker represents plus or

minus 3 standard deviations (99% of the mean) [15].

Results reported by Shapouri, Wang, and Farrelafren one standard deviation of the
Monte Carlo models results, indicating that they raughly equivalent given the range
of variation in key inputs. However, Pimentel'poeted value is more than three
standard deviations below the Monte Carlo mean N&WJe, making it less than 1%

probable. This is primarily a result of Pimentelse of older information [23].

Previous Results Monte Carlo LCA Results
(Corn Grain Ethanol)
15.8
| T

S

—
=

-

£

r

% 55 490 s | 7.2 7.2

17

E 0 AT aly 028 I

— @ 1.1

- o-3.2 =

= [ 3

= g ES 76

> _10 s s5g _

o & = 9 3%

< s g2 s L 3E g

TR B OO

R S SN - N -
E & £ £ g 35 Ef && 35 &

Figure 3- 15 — Corn Grain Ethanol Production LCA Né& Energy Value [23]

70



250 "
Previous Results Monte Carlo LCA Results

- (Corn Grain Ethanol) |

= 200 |

—_—

S

o [

¥ 150 |

s 140

oM 5103 ! 106

g, 100 - 2T oa 90 * 590

S e78

2 a2 "2 T72 71

0 %0 | #38

w

A |

g 0 —

(IT] | %

) 50 | 5 g wn B3

I | c c 8 £8 5 c

U § §& §o .5 £E 55

= ] a gy £ 2 o w v 2
H | c vt - = 98 & c ] v

3 E % 5= 5% 52 §E 5F £z £
- — 3 v | o =] (=Y ° =] B8 Ic] o & =
g v 2 o $E ss8 gk De e mw.E 8
g E 5 § $4 zE@ :2 g® $f o8 &
P 8 & = 8% 53855 =8¢ 3G 58 g v

Figure 3- 16 — Corn Grain Ethanol Production LCA Greenhouse Gas Emissions [23]

One key focus of the corn grain ethanol energy @eisahe allocation of energy and
greenhouse gas emissions between corn ethanolgiimadand the coproduct DDGS
[41]. A 20% to 40% coproduct credit range has besed in the literature [41]. Using a
20% coproduct credit nearly doubles tbhera Corn Grain Ethanol’NEV value from 3.8
to 7.2+1.8 MJ/L, a 90% increase. This scenarrepsesented biowa Corn Grain
Ethanol Plus DDGSWhen including their assumed coproduct creditgyp®hri, Wang,
and Farrell are again within one standard deviatioihe Monte Carlo LCA results.

Pimentel did not include a credit.

Corn grown in Georgia, a traditionally non-corn gwoing state, instead of lowa, results
in a NEV that decreased from a positive 3.75 Md/k hegative 7.6 MJ/L and results in a
47% increase in GHG emissions (Figure 3-15 and)3-T8is is a result of increased
fertilizer inputs, irrigation, lower corn yieldsnd the transport of corn grains to the Corn
Belt for ethanol processing. In the future, thenber of ethanol facilities in Georgia may
increase decreasing the corn grain transport distdhthis happens the NEV and GHG

emissions for corn grain ethanol produced entirelgeorgia would decrease to a
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negative 2.1 MJ/L and 126 gG®J. This demonstrates how geographic variation can

impact the overall fossil energy consumption and33issions.

Additionally, due to high natural gas prices, fdigs are choosing two alternative facility
fueling paths that have very different impacts.otre path, ethanol facilities are investing
in technologies that burn DDGS as a fuel sourcéheir facility energy demands,
displacing a portion of their fossil fuel consunmoti This path is represented loyva

Corn Grain Ethanol Plus DDGScenario Approximately 70% of the DDGS can be
gasified to produce all of the facility’s proces$sasn, or 77% of the DDGS could be
consumed to provide all the facility’s steam aretgicity needs using combined heat
and power (CHP) [42, 43]. When the DDGS-CHP sdenarcompared téowa Corn
Grain Ethanolscenario, fossil fuel consumption and GHG emissesease by 67%
and 60%, respectively (Figure 3-15 and 3-16). Dipison would depend on many
market drivers such as fuel prices and the marteg for DDGS. In another case some
new facilities are being designed to be poweredda/) instead of natural gas. These
facilities would consume 27% more energy and predudd@% more GHG emissions.
This option depends on natural gas prices, theimitkto coal, and the assumptions of

future GHG regulation policy.

Over the next two decades, ethanol will likely aoné to dominate the alternative fuels
market in the US. To evaluate the impact of fuiorprovements in corn production and
ethanol conversion technology on fossil fuel congtiom and GHG emissions, a model
was created projecting 20 years into the futurendykistoric trends, each system input
value was extrapolated to estimate values for da& 2025 (Table 3-3). Compared to
today’slowa Corn Grain Ethanofesults, the NEV of a future corn ethanol system
increases by 90%, while GHG emissions decrease(E@gére 3-15 and 3-16). This
future scenario also identified biomass yield,agen fertilization rates, and ethanol
facility fossil energy consumption as the main egsinputs where achieving
technological and other incremental advances whbale the greatest impact in

decreasing fossil energy consumption and GHG eamissi
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From an energy security perspective, the amoupetbleum that is consumed to
produce a liter of ethanol is important. During ftroduction of a liter corn grain
ethanol, natural gas, purchased electricity use patroleum consumption represent
82%, 12%, and 6% respectively of the total diressfl energy consumed.
Approximately 73% of the natural gas is consumethleyethanol-processing step, while
the remaining amount is mainly consumed duringliiset production. 58% of the
electricity purchased is consumed by the ethanotgssing step, while the remaining
amount is consumed while producing corn produdtipaits, such as fertilizer, and by
farm machinery. To determine to what extent wolircgrain ethanol use displace
petroleum, the amount of petroleum consumed dwethgnol’'s production life-cycle and
the amount displaced during the use phase is nedd@tng the production of a liter of
ethanol, an average value of 0.03 liters of petrolés consumed. On an energy and
volume basis 1 liter of ethanol is equivalent o I@ers of gasoline. Therefore, the
consumption of 1 liter of ethanol displaces 0.68t4 of gasoline. This does not include

the transport of ethanol from the processing figcib the vehicle.

Though there is an ongoing debate over the cowaygtto calculate the NEV of corn
ethanol-with and without coproduct credits-our fesusing the Monte Carlo LCA
method demonstrates that under the best case scéarazorn ethanol production
(lowa), bioethanol decreases petroleum consumpinohyields moderately positive
overall fossil energy benefits. Even so, it alsovged at best modest GHG abatement

benefit when compared to gasoline.

While evaluatingcurrentcorn ethanol production provides insights concegiine major
system inputs, it also serves as a baseline fduatwag improved corn ethanol
processing, alternative cellulosic ethanol produrcgcenarios, and the impact of greater
geographic diversity which is expected as the sygiwws. To truly have an impact on
decreasing the US’s petroleum consumption and GiiSsons, biofuels from

cellulosic sources needs to become a reality. €hdpexamines the life-cycle fossil
energy consumption, petroleum displacement, and @rSsions of ethanol produced

from an agricultural residue, corn stover, andaebergy crop, switchgrass. Even within
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these systems, understanding the main system iapdttheir impact on the environment

is necessary as a variety of feedstock and correggtions can still be adopted.
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Appendix 3A

Tables 3A-1 through 3A-3 are the actual numberd us¢he LCA models. Tables 3-1
to 3-3 are values converted from these tables.

Corn Grain Ethanol System Inputs

Direct System Input Values lowa Georgia
Farm Input Values
Corn Yield** bu/acre 145 21.7 100 32.3
Nitrogen Fegi';tzeezg Application Ibs/acre 126.5 5 127 10
Phosphate Fertilizer Application Ibs/acre 625 4.77 53 5
Rate
Potash Fertilizer Application Rate Ibs/acre 77.2 54 79 5
Lime Application Rate? Ibs/acre 250 - 250 -
Herbicide Application Rate®* Ibs/acre 7.3 1.4 7.7 1.2
Insecticide Application Rate Ibs/acre 0.77 0.3 0.32 0.15
Seed Production Planting Rate”®  kernel/acre 27,300 - 27,300 -
Corn Seed Plrr]%ii‘ftion ENer9Y  BTUjacre  0.609 : 0.609 :
Farm Machinery Electricity®® kW-hr/acre 16.8 6.6 29.6 21.8
Farm Machinery Gasoline gallon/acre 1.2 0.07 2.5 1.36
Farm Machinery Diesel gallon/acre 4.6 0.29 14.8 3.74
Farm Machinery LP Gas gallon/acre 7.2 0.74 0.5 0.26
Corn Transport
Distance (roundtrip) miles 100 - 100 -

2L Corn yield is state specific and gathered fromWsA ERS and NASS database. lowa’s average corn
yield is based on a country average corn yields ft®95-2005. Georgia’s average corn yield is based
county average corn yields from 1996-2005

2 Fertilizer application rate data is gathered fitan USDA ERS and NASS database. lowa’s average
fertilizer application rates were averaged from@2901. Georgia’'s average fertilizer applicatiateris

from 1996-2003.

B9, Shapouri, H., J.A. Duffield, and M. Warnihe Energy Balance of Corn Ethanol: An Updae.
USDA. 2002.

% Herbicide and insecticide state specific date gaibered from the USDA ERS and NASS database

%10. Graboski, M.SFossil Energy Use in the Manufacturing of Corn Etbk 2002: Colorado School
of Mines.

% All farm machinery was based on the USDA ERS datab
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Loaded Engine Fuel Efficiency
Unloaded Engine Fuel Efficiency
Trailer Capacity

Ethanol Processing_*’

Natural Gas
Electricity

Electricity Generation Efficiency

Ethanol Conversion Efficiency®

miles/gallon
miles/gallon

bu/trailer

scf/gallon

kW-
hr/gallon

%

gallon/bu

5
8
875-100

34
1.14

32.5%
2.7

6.76

0.38

0.2

5
8
875-100

34
1.12

32.5%
2.7

6.76
0.38

0.2

Table 3A- 1 — Corn Grain Ethanol Life-Cycle Assessent System Inputs for lowa and Georgia

%" The natural gas and electricity consumption foae@rage corn grain ethanol facility was basedin 1

Shapouri, H. and P. Gallagh&fSDA's 2002 Ethanol Cost-of-Production Suney. USDA.

2005.

% Based on an average of reported corn grain etfemslersion values
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Upstream Farm Inputs Production Energy

Inputs® Units Average

Nitrogen Fertilizer Production

Natural Gas scf/lb 16.9

Electricity kW-hr/lb 0.75
Phosphate Fertilizer Production

Natural Gas scf/lb 5.48

Electricity kW-hr/lb 0.29
Potash Fertilizer Production

Natural Gas scf/lb 111

Electricity kW-hr/lb 0.23
Herbicide Production

Natural Gas BTU/Ib 46,210
Electricity kW-hr/lb 9.18

Distillate Fuel BTU/Ib 6,165
Naphtha BTU/Ib 31,015

Insecticide Production

Natural Gas BTU/Ib 50,729
Electricity kW-hr/lb 11.76
Distillate Fuel BTU/Ib 4,248
Naphtha BTU/Ib 27,276

Lime Production

Electricity® BTU/Ib 161.56

Table 3A- 2 — Production Energy for Upstream Farm hputs for Corn Production

2 Fertilizer, herbicide, and insecticide producterergy is from: 10. Graboski, M.F0ssil Energy Use
in the Manufacturing of Corn Ethand@002: Colorado School of Mines.

8012.  West, T.0. and G. Marlandl,synthesis of carbon sequestration, carbon entissiand net
carbon flux in agriculture: comparing tillage praces in the United StateAgricultural Ecosystems and
Environment, 200291 p. 217-232.
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2025 lowa Corn Grain Ethanol System Inputs
Direct System Input Values Units Average gte?/ri]gt?(;?]
Farm Input Values
Corn Yield* bu/acre 203 21.7
Nitrogen Fertilizer Application Rate® Ibs/acre 141.75 5
Phosphate Fertilizer Application Rate Ibs/acre 65.6 4.77
Potash Fertilizer Application Rate Ibs/acre 81.1 5.4
Lime Application Rate® Ibs/acre 250 -
Herbicide Application Rate Ibs/acre 7.3 1.4
Insecticide Application Rate Ibs/acre 0.77 0.3
Seed Production Planting Rate kernel/acre 27,300 -
Corn Seed Production Energy Input BTU/acre 0.609 -
Electricity kW-hr/acre 16.8 6.6
Gasoline gallon/acre 1.2 0.07
Diesel gallon/acre 4.6 0.29
LP Gas gallon/acre 7.2 0.74
Corn Transport **
Distance (roundtrip) miles 100 -
Loaded Engine Fuel Efficiency miles/gallon 7 -
Unloaded Engine Fuel Efficiency miles/gallon 10 -
Trailer Capacity bu/trailer 875-100 -
Ethanol Processing *°
Natural Gas scf/gal 28.9 6.76

1 Based on an assumed 1.2% yearly increase in teldsy13.

JP Morgan Securities,lhyesting

in Ethanol 2006, North American Corporate Research.

32 Fertilizer application rates fluctuate between%-8f the average between 1996-2002. This study
therefore, assumed a 5% increase in fertilizeriegipbn rates from 2002 levels in the year 2025 A
increase was assumed as increase soil erosioroam@éxpanding to less productive land, will in fhure
require more fertilizer.

33 Lime, herbicide, and insecticide application ratese assumed to stay constant

34 Engine fuel efficiency was assumed to increasengine efficiency is continually increasing

% Assumed a 7.5% decrease in facility fossil fugiszonption. | was assumed that improvements in
machinery efficiency would occur. These values alsrrelate to the lower numbers being reportedyod
for a corn grain ethanol facility 14. Wang, MEffects of Fuel Ethanol Use on Fuel-Cycle Energg an
Greenhouse Gas Emissiod®999, IL: Argonne National Laboratory.
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Electricity
Electricity Generation Efficiency

Ethanol Conversion Efficiency®

kW-hr/gallon
%

gallon/bu

0.95
32.5%
2.9

0.4

0.1

Table 3A- 3 — 2025 lowa Corn Grain Ethanol LCA Systm Inputs

% Current ethanol facilities are reporting etharmiwersion efficiencies of 2.9 gal/bu. It was assdrthat

in the future this value would be the industry ager.
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Chapter4: Lignocellulosic Ethanol Life-Cycle
Assessment

While ethanol is currently produced from sugar atadch, ethanol can also be produced
from cellulosic material. Cellulosic-based ethaisadeen as a second generation biofuel,
the has the potential to surpass corn grain etharsgale. However, currently ethanol
produced from cellulosic material is mainly stillthe research phase, though pilot test
facilities are being built. As ethanol productiogreases, biomass from agricultural
residues as well as dedicated energy crops matillzed as cellulosic feedstocks. This
chapter examines the potential fossil energy copsiom GHG emissions, petroleum
displacement, and land use impacts from cellulbaged ethanol production. This study
analyzes the use of corn stover and switchgrassapotential cellulosic feedstocks.

The impacts considered were assessed through@ytife assessment model with an

integrated Monte Carlo analysis as previously doneorn grain ethanol.
Corn stover is an agricultural residue from corn grain proéutct It consists of the
leavesandstalksof maizeplants left on théield afterharvest and has a grain to stove|

mass ratio of 1:1 [1].

Switchgrass (Panicum virgatum)an example of a potential energy crop, is a peatn

drought-tolerant prairie grass with an extensivieirad range in North America [2].

Switchgrass has a variety of cultivars that flduusmder different climates. Alamo,
Blackwell, Cave-In-Rock, Kanlow, and Trailblazee qust a few cultivar examples [3]
Currently, switchgrass is used as a cover cropegmnatled agricultural land.

Lignocellulosic material is a combination of ligrand cellulose that is found in biomass.
Biomass is defined as any plant derived organi¢anail his includes forest and mill
residues, agricultural crops and wastes, wood aywtwastes, animal wastes, livestock
operation residues, aquatic plants, fast-growiagdrand plants, and municipal and
industrial wastes. Cellulose is a complex carboatglr(GH,,0s),, composed of glucose

units, that forms the main constituent of the w&lll in most plants [4]. Cellulose is also
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important in the manufacturing of numerous produsiish as paper, textiles,
pharmaceuticals, and explosives. Lignin is a cexpblymer, the chief non-
carbohydrate constituent of biomass, which bindsettulose fibers, hardening and

strengthening the cell walls of plants [4].

Ethanol produced from cellulosic sources, suchoas stover and switchgrass, undergoes
different pretreatment and conversion steps tham ethanol due to its different
molecular structure and mass components. Cowerstmd switchgrass have three main
components, cellulose, hemicellulose and ligniabl& 4-1 breaks down the average
mass fractions of these feedstocks. Both celludoskhemicellulose can be converted to
ethanol, while lignin can be burned to providetladl thermal energy needed by the
ethanol processing facility [4]. In some casesssdeat can be used to produce
electricity that can be used on site or sold toefleetric grid. In this case, electricity sold

to the grid would be considered a coproduct taugesic ethanol production.

Corn Stover Switchgrass
Cellulose 36.2% 32%
Hemicellulose 23.2% 25.2%
Lignin 18.5% 18.1%
Protein 0% 0%
oil 0% 0%
Extractives 8.1% 17.5%
Acids 3.2% 1.2%
Ash 10.7% 6%

Table 4- 1 — Corn Stover and Switchgrass Mass Frdons [1, 5, 6]

The availability of large amounts of biomass frognieultural residues and forest waste
make biofuels from lignocellulosic material desieabAdditionally, these types of
biomass sources along with various bioenergy cpopgide an opportunity to
decentralize biofuels production from the Corn B€he utilization of the lignin as a
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power source also reduces the life-cycle fossitggneonsumption and GHG emissions

compared to corn grain ethanol.

For this study, all corn stover results are fromVdm PhD thesis by Jeremy Johnson,
Technology Assessment of Biomass Ethanol: A mhjkcbve, life-cycle approach under
uncertainty[7]. A full life-cycle assessment of switchgrase@npleted in this study and
compared to Jeremy Johnson’s previously reported stover results. Given that the
agricultural production of switchgrass and cellidagthanol production is still in the
research phase, a future scenario was createddesathe potential impact of

improvements this system may realize.

History of Bioenergy Feedstock Development Program in the US
The Department of Energy (DOE) begun the Bioen&iggdstock Development Program

(BFDP) at Oak Ridge National Laboratory (ORNL) @178 to identify and develop fast
growing trees and herbaceous crops as a poteatialvable energy source. BFDP also
assessed the potential of agricultural residuessasirce of biomass feedstock for the
nations future energy needs [3, 8]. The major aumepts of BFDP include energy crop
selection and breeding, crop management researeinpemental assessment, and crop
production and supply logistics [9]. The prograraused on two types of biomass, short
rotation forest trees such as poplar, willow, aotlanwoods, and herbaceous crops such
as fast growing high yielding grasses [3, 9]. Cdepelopment centers were created
within regions as a strategy, for advancing energps. Initially the BFDP focused on
identifying the best species and geographic regidie evaluation was based on species
comparisons through field trials to select prongdignocellulosic herbaceous crop

species based on biomass yields (Mg/ha) [3].

Projects were started in the Southeast (Auburn éfgity, Virginia Polytechnic Institute
and Virginia State University), the Midwest, andkeastates (Cornell University,
Geophyta, and Purdue University) [9]. These avesre chosen due to their large
amounts of cropland and relatively few environmergstrictions on productivity, such
as rain fall, soil conditions, and climate. [9]hrdughout the years additional test sites
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were started in the Great Plains (lowa State Usityeand North Dakota State
University) as well. Each study compared a nunabelifferent species under different
crop management practices. The switchgrass igmatsesults of these reports are used
as system inputs for the switchgrass life-cyclesssient that will be discussed in later

sections.

In 1991, switchgrass was identified as a modeldm¥bus crop with the potential for
widespread use throughout the United States. Rase#orts were then focused at
comparing different cultivars (plant species), impng yield, standardizing crop
management practices, breeding, and performing lsaigilies of biological processes
[9]. While switchgrass is the first chosen speda development as a bioenergy crop
the BFDP recognizes that alternative species ssighart rotation woody crops (hybrid
poplars, eucalyptus, and willows) may also be pgakocandidates [10]. These other
species can be grown in geographic regions wheitetgyrass is not optimal, which can
provide alternatives for producers. They also piiddly can obtain higher yields in some
locations, and have desired chemical charactesigtet make them desirable for

chemical conversion [9].

Corn Stover as a Biomass Feedstock
While today ethanol is produced from corn graihs, potential next step will be utilizing

agricultural residue as a feedstock for cellul@titanol production. Agricultural
residues, such as corn stover, are seen as tia fieédstock for a cellulosic ethanol
industry as they are readily available and locat#din an existing ethanol production
and distribution network. The biomass ratio ofrckernels to corn stover is typically 1:1
on a dry basis [7]. Therefore from this ratio2006 approximately 332 million metric
ton of corn stover was produced. In the futureas production increases due to
increased ethanol demand, the production of caweswill also increase as they are

dependent.

Currently, as a combine passes over the fielghtakes the entire corn plant harvesting

the corn kernels and returning the corn stovehédield. Corn stover, left on the
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ground, provides protection to the soil from wimdlavater erosion. Additionally, during
the decomposition process, stover returns nutrieetk into the soil decreasing the
amount of fertilizer required the subsequent ydaalso adds organic matter back into
the soil increasing biological activity which sesvas a vital link in the dynamics of soil
nutrient storage, release and use by plants [hfs@& positive environmental impacts
reduce soil quality degradation over time and minatiertilizer application rates.
Therefore, when considering stover as a feedstonl,term research is needed to
determine the maximum quantity that can be remeviftbut having negative
environmental impacts on the soil. Initial studmrese indicated an allowable removal

rate of 30%-50% [1, 7, 11]. In our study a remaedd of 30% is is always assumed.

All the fossil energy consumed in growing the cplant, as defined in Chapter 3, is
allocated towards corn grain production, as st@eurrently seen as a residue [7].
Therefore, for this analysis the only agricultucasil energy associated with corn stover
is due to its collection, removal, and packagifitpe main ethanol conversion steps for
converting corn stover into ethanol are descrilaer Iwithin this chapter. The main
difference in determining the ethanol yield fronmigas cellulosic feedstocks like corn

stover and switchgrass is the mass fractions a@flosk and hemicellulose.

Agricultural Production of Switchgrass

Characteristics of Switchgrass
Switchgrass (Panicum virgatum) is a warm seasgnd€rennial that is a rapidly

growing North American tall prairie grass [6, 8vi8hgrass has a geographic range that
covers most of the US and extends into Canada,anibrthern limit of 54N (Figure 4-

1) [6]. Due to milder winters at comparable late@ggdswitchgrass may be grown in higher
latitudes in Europe. Currently switchgrass, alwiittp other native prairie grasses have
become important as forage grasses in the Midvezstuse of their capacity to grow in

the hot summer months with limited water [6, 12].
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Figure 4- 1 Switchgrass (www.newfarm.org)

Switchgrass is categorized as lowland or uplantlypes. Lowland ecotypes are
categorized as tall and thick-stemmed plants taatadapt to wet conditions. Upland
ecotypes are described as short, rhizomatousstammed plants that can adapt well to
drier conditions [6, 13]. Examples of lowland \eigs are Alamo switchgrass which is
typically grown in the Deep South and mid-latitudes well as Kanlow which are more
tolerant of cold temperatures and is recommendée tgrown in mid-latitudes [3, 6].
Upland switchgrass varieties include Cave-In-R&lkckwell, and Trailblazer which are
recommended to be grown in the central and nortsiates [6, 13]. Both ecotypes are
high yielding drought tolerant grass that have tavrient demands, can be grown in
diverse geographic locations, and can provide itapbisoil and water conservation
benefits [3, 6].

Unlike the single planting and cultivation seasondorn, switchgrass is planted once
and cultivated over a ten-year period [3]. Elinting an annual planting cycle reduces
soil loss and soil degradation. Additionally, sskigrass has an extensive rooting system
that can range from 2.6m to 3.7m, with an annulaivbground production of two to four
times the above ground biomass production [3,T#lis extensive rooting system helps
decrease soil erosion rates through stabilizinlg s@pturing nutrients more efficiently,

reducing leaching losses, and increasing organttemtarough increased biological
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activity. Significant quantities of organic mattemprove soil structure, increase water
holding capacity through porosity changes, and awpmutrient conservation [3].
Additionally, the continuous crop cover interceggmfall and decreases erosion potential
[14]. Currently, a range of varieties of switchggare used extensively on acreage set
aside by the federal Conservation Reserve ProgER¥®) to minimize erosion.
Switchgrass is also often planted as streamsidensubr vegetative filter strips, due to
its stiff stems that act like barriers to slow rifnpromote infiltration, and encourage in-
field sedimentation [6]. Blanco-Canagti al. (2004) estimated that a switchgrass barrier
reduced nitrogen runoff by 4.9 times, reduced phosys runoff by 3.7 times, and
reduced sediment loss by 1.5 times [6, 15]. Switass also provides an ecological

value as a wildlife habitat, especially for bir@3. [

Switchgrass can be easily adopted into currentifaymperations because conventional
farming equipment can be used for seeding, cropagement, and harvesting [16]. The
first year or planting year for switchgrass is datied to plant establishment and weed
control. During the first year only 30% of the nraxm yield is expected. The second
year continues with weed management and minimaliZzation with yields increasing to
two-thrids the maximum expected yield. Full yielde assumed for years three through
ten with fertilizer application [3, 16, 17]. Whi@®rn ethanol results represent a single
planting year, switchgrass ethanol results areegsited over a ten-year average crop

yield. This incorporates the varying inputs oves lifetime of the crop.

Crop management practices such as harvesting ¢aneninimize the environmental
impacts of switchgrass production. For exampleyédsting switchgrass at optimal time
periods can decrease the amount of fertilizer ree@déhe following year. This is
because throughout the growing season nitrogero#ad nutrients accumulate in the
above-surface mass of the plant [18]. Howevepr@paration for winter the nutrients
relocate from the shoots to the roots [18]. Thaesfharvesting switchgrass after a
killing frost (during the Fall) when nutrients arethe roots reduces the amount of

nutrient application needed the following yearnagients within the roots are retained
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[18]. The entire above ground portion of the plisrassumed to be harvested leaving the

rooting system in place eliminating the need fareplantings.

Switchgrass, being very similar to alfalfa and hayharvested and baled using similar
practices and equipment. Once baled, switchgrdsse@d to stored either on the farm,
at a storage facility, or at the ethanol facilig$2, 19]. This is one area where
continued research is needed to determine the coeseffective option. If left on the
field, the bales may need to be covered to pretemh from getting wet and rotting [20].
In a storage facility, issues related to the paaéot spontaneous combustion of the
biomass will need to be addressed. Additionalig, d¢osts of loading and unloading at an
additional facility will need to be considered. pigally ethanol facilities have storage
space to accommodate one months worth of feedstblo&refore, more space would be

needed to have switchgrass stored at a facility.

Switchgrass Agricultural System Inputs
This section describes the agricultural system Haonfor analyzing the fossil energy

consumption and GHG emissions of switchgrass pitomtuc There a range of
switchgrass cultivars that flourish under certaiovgng conditions and climates. The
Southern Plains of the United States have beentszpas having the greatest potential
for growing Alamo switchgrass, and specifically Bdana [3]. Therefore, to decrease
system variability and determine the systems geitgito geographic location Alamo
switchgrass production was analyzed in Alabamas 3tenario represents our best
cellulosic case scenario. Cave-In-Rock switchggese/n in lowa was chosen as an
alternative cultivar and state for its regionafetiénces and the availability of state

specific data.

Switchgrass agricultural data was gathered frorareety of published papers,
government and national laboratory reports, andarsity publications [3, 8, 10, 12, 13,
16, 21-26]. Switchgrass crop management, yeadlyand growing characteristics
were gathered from [3, 8, 10, 13, 16, 17, 24-ZJ4tabases from the Energy Efficiency
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and Renewable Energy division of US DORmere used to gather physical properties and
cellulose, hemicellulose, and lignin mass fractifmianodeling Alamo switchgrass [10,
27-29]. Modeling the mass fractions of switchgrnass needed to determine the ethanol
conversion rate at different conversion efficiescid his model will be discussed in later

in the chapter.

The agricultural system boundary for switchgrassiesl includes:
Nitrogen, Phosphate fertilizer production, transpand application rates
Herbicides production, transport, and applicatiaies

Farm machinery fossil fuel consumption

0D PE

Switchgrass yield that is year dependent

Table 4-2 lists the inputs and values that werarass for this analysis. All the input
data is state specific and being that the dataceasplied from research test plots the
standard deviations are larger than seen in cardyetion. Switchgrass is also assumed
to be harvested with conventional alfalfa and harwésting equipment and stored as
bales on the field. All system input distributionere modeled as normal defined by

their average and standard deviation.

Switchgrass Ethanol System Inputs

Direct System Input Values Alabama lowa
) Standard Standard
Units Average o Average o
Deviation Deviation

Farm Input Values

Switchgrass Yield

Year 1 Mg/ha 4.5 15 3.8 0.9
Year 2 Mg/ha 9.9 3.1 8.3 1.9
Year 3-10 Mg/ha 14.9 4.6 12.5 2.8

Nitrogen Fertilizer Application Rates

37 Energy Efficiency and Renewable Energy (EERE)elative Fuels Comparison Chart, Biomass
Feedstock Composition and Property Database
http://www1.eere.energy.gov/biomass/feedstock et html
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Year 1-2 kg/ha - - - -
Year 3 - 10 kg/ha 84.6 37.9 130.0 24.6

Phosphate Fertilizer Application Rates

Year1l-2 kg/ha 16.8 3.4 16.8 3.4
Year 3 - 10 kg/ha - - - -

Herbicide Application Rates

Year 1-2 kg/ha 1.6 0.6 1.6 0.6
Year 3-10 kg/ha - - - -

Fuel Farm Machinery

Year 1-2 I/ha 449 3.7 449 3.7
Year 3 - 10 I/ha 16.4 3.3 16.4 3.3

Switchgrass Transport

Distance (roundtrip) miles 100 - 100 -
Loaded Engine Fuel Efficiency km/I 2.1 - 2.1 -
Unloaded Engine Fuel Efficiency km/I 3.4 - 3.4 -
Trailer Capacity Mg/trailer 23.5 - 23.5 -

Switchgrass Mass Fractions *

Cellulose % 33.6 1.3 33.6 1.3
Hemicellulose (Xylan) % 26.2 0.1 26.2 0.1
Lignin % 18.7 1.6 18.7 1.6

Ethanol Processing_*%°

Xylan to Xylose Yield % 67.5 - 67.5 -
Cellulose to Glucose Yield % 63.5 - 63.5 -
Xylose to Ethanol % 90.2 - 90.2 -
Glucose to Ethanol Yield % 95.0 - 95.0 -
Ethanol Yield
Switchgrass Ethanol (Current Day) I/ha 3,165 500 3,375 500

38 Energy Efficiency and Renewable Energy, Alterrefiuels Comparison Chart, Biomass Feedstock
Composition and Property Database http://www1.easrgy.gov/biomass/feedstock databases.html and
from 28. Laser, M.Switchgrass Composition Methd2D04.

3911. Aden, A., et alLignocellulosic Biomass to Ethanol Process Desigd Economics Utilizing Co-
Current Dilute Acid Prehydrolysis and Enzymatic Fbfgsis for Corn StoverJune 2002, Golden,

Colorado: National Renewable Energy Laboratory.

%029.  Sheehan, J. and A. Adé&mergy and Environmental Aspects of Using Corn&téor Fuel

Ethanol Journal of Industrial Ecology. Vol. 7. 2004. 11%6.
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Switchgrass Ethanol (Current Day) I/Mg 238 37 238 37
Switchgrass Ethanol (Current Day) [gal/dry ton 63 10 63 10
Switchgrass Ethanol (Future) I/ha 7,183 1,200 - -
Switchgrass Ethanol (Future) /Mg 328 10 - -
Switchgrass Ethanol (Future) gal/dry ton 87 7 87 7

Table 4- 2 — Switchgrass to Ethanol LCA System Ma Inputs.

Since historic trends for switchgrass are not abédl to estimate future input values,
biomass yield and conversion efficiency values vem®imed for the year 2025 using
published projections. The input values for thédvwgrass future scenario are in Table
4-3. As this is an agricultural crop that haslme¢n grown to maximize yield, there is
great potential for improvements in the future.n@wed research focusing on improved
crop management practices such as optimal seeali@gherbicide and fertilizer
application rates all can improve yield over tinfedditionally, if this crop begins to be
used a bioenergy crop, farmers will gain experieme® time and adjust their farming
practices to improve the crops yield. Scienceataa play a role through genetic
engineering to improve switchgrass yields, asst\wdh corn yields. Therefore, a 2%
yearly yield increase was assumed resulting irel of 24.4t 7.5 Mg/ha in the year
2025 [3]. A 2% yearly yield increase has been se@ther crops such as corn grains
whose yields initially increased 3-5% per yearda].

2025 Alabama Switchgrass Ethanol System Inputs
Standard
Direct System Input Values Units Average o
Deviation
Farm Input Values
Year 1 Mg/ha 7.3 2.5
Year 2 Mg/ha 16.3 5.1
Year 3- 10 Mg/ha 24.4 7.5
Nitrogen Fertilizer Application Rates
Year 1-2 kg/ha - -
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Year 3 - 10 kg/ha 76 36.7

Herbicide Application Rates

Year 1-2 kg/ha 1.6 0.6

Year 3- 10 kg/ha - -

Phosphate Fertilizer Application Rates
Year 1 kg/ha 16.8 3.4
Fuel Farm Machinery

Year 1-2 I/ha 44.9 3.7
Year 3 - 10 I'ha 16.4 3.28
Switchgrass Mass Fractions ** 1.4
Cellulose % 33.6 1.29
Hemicellulose (Xylan) % 26.2 0.1
Lignin % 18.7 1.55

Switchgrass Transport

Distance (roundtrip) miles 100 -
Loaded Engine Fuel Efficiency kml/I 3 -
Unloaded Engine Fuel Efficiency km/I 4.3 -
Trailer Capacity Mg/trailer 23.5 -

Ethanol Processing_*%**3

Xylan to Xylose Yield % 90 -
Cellulose to Glucose Yield % 90 -
Xylose to Ethanol % 90 -
Glucose to Ethanol Yield % 95 -

Table 4- 3 — 2025 Switchgrass to Ethanol LCA Modelsputs

“1 Energy Efficiency and Renewable Energy, Alterrefiuels Comparison Chart, Biomass Feedstock
Composition and Property Databddtp://www1.eere.energy.gov/biomass/feedstock detedhtmand
reference 28. Laser, MSwitchgrass Composition MethdD04.

“211. Aden, A., et alLignocellulosic Biomass to Ethanol Process Desigd Economics Utilizing Co-
Current Dilute Acid Prehydrolysis and Enzymatic Fbfgsis for Corn StoverJune 2002, Golden,
Colorado: National Renewable Energy Laboratory.

%329. Sheehan, J. and A. Adé&mnergy and Environmental Aspects of Using Corn&téor Fuel
Ethanol Journal of Industrial Ecology. Vol. 7. 2004. 11%6.
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Switchgrass Agricultural Energy Consumption & GHG E mission
Results
Figure 4-2 and Figure 4-3 display the fossil enexggt GHG emission PDFs for the

agricultural inputs for Alamo switchgrass grownAlabama. The variable is represented
by a white box symbol with whiskers. The white hepresents the mean plus or minus
one standard deviation (67% of the mean) and thekehrepresents plus or minus 3
standard deviations (99% of the mean) [31]. Thesifenergy consumed is broken down
by year, as different agricultural inputs are reggdi The highest amount of energy per
hectare is consumed during year 1, the establishyean, as switchgrass yield is only a
third of its potential. The focus during this yéaweed management, as large amounts
of weeds will result in lower over switchgrass gethe following years. Years 3-10 are
the lowest energy intensive years as minimum feetilis applied and full yields are
realized. When considering all agricultural inpat®eraged over a ten year production

time, 4,275 MJ/ha of energy is consumed.

Alabama Alamo Switchgrass Farm Inputs
Year 1 | Year 2 | Year3-10
5,500 (Yield = 4.5 Mg/ha) | (Yield = 9.9 Mg/ha) | (Yield = 14.9 Mg/ha)
5000 | |
4500 | | 4800
4,000 | | 4,200
3,500 | |
3,000 I |
2,500 | |
E 2,28
§ 2,000 | 2,059 |
1,630 1630
1,000 | !
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Figure 4- 2 — Alabama Alamo Switchgrass LCA Farm lputs (MJ/ha)
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These agricultural results are based on experirhstaplots and USDA growing
recommendations [3, 10, 13, 16, 23]. Currentlgréhs no economic incentive for a
farmer to increase switchgrass yields, and thusetihesults represent that situation. In
the future, if switchgrass is cultivated for biofsiproduction, an economic incentive will
lead farmers to improve yields by changing theipamanagement practices. This may
lead to increased fertilizer application rates endation. These increases in agricultural
inputs would lead to higher fossil energy consuompthough also higher yields.
Therefore, while these results show a significamtdfit compared to corn grain
production, in the future this benefit may be seradind needs to be considered when
making policy choices.

Switchgrass Transport & Handling
Once switchgrass is baled it will need to be trantgal to a storage facility and/or a

cellulosic ethanol facility. The transport of switgass was modeled after the transport of
other forage crops such as alfalfa and hay whiahbeetransported by trailer. Figure 4-3

and 4-4 present an example of baled and transpswichgrass.

Figure 4-3 — Baled Switchgrass (www.agweb.com)

95



Figure 4-4 — Transporting Switchgrass [2]

The switchgrass transport sector assumptions ieclud

1. Switchgrass bales and transport capacity informatias modeled with respect to
hay cultivation and transport [20].

2. Diesel fuel consumption assuming a 100-mile roupdtom the farm location to
the ethanol processing plant [32]

3. Semi-trailer truck capacity 23.5 ton/truck [20]

4. Semi-trailer truck loaded engine efficiency (5 reigal) and unloaded engine
efficiency (8miles/gal) [33]

The costs associated with switchgrass handlingramdport can be large. Being a low
density material switchgrass is more costly togpemt than corn grains for the same
mass. Research has been conducted to examinedtienpact of preprocessing the
biomass on the farm to improve transport costan3port and handling costs, without
preprocessing, have been estimated from $5/dryrtibanto $10/dry ton-mile, for within

a 50 mile radius [32, 34-36]. Transport costsdlyeaffect the biomass transport
distance and thus the potential geographic reghmatscan supply a large scale cellulosic
facility.

Switchgrass Transport Energy Consumption and GHG Em issions
Switchgrass is assumed to be transported by ti@ilercapacity of 23.5 ton/truck [20].

For an assumed 100 mile roundtrip shipping dista®teviJ per Mg of switchgrass (0.36
MJ/L-Ethanol) is consumed emitting 8,370 gCO2-eglants per Mg of transported

switchgrass. In the future, preprocessing techesda increase the transportation
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capacity could further decrease the energy consamphd GHG emissions associated
to this sector

Lignocellulosic Ethanol Production

Overview of Lignocellulosic Ethanol Production
The ethanol conversion efficiency is mainly detereadi by four things: first, the mass

fraction of cellulose and hemicellulose, second,dfficiency of the pretreatment process
to expose the cellulose and hemicellulose to engyth@d, the efficiency of the
enzymatic breakdown of cellulose and hemicellulasel, lastly, the efficiency of the
fermentation process. Ethanol processing informadiod conversion efficiencies were
obtained from published reports [11, 29, 37-40].

The biochemical conversion of cellulosic biomasstttanol currently involves three
primary steps which will be discussed in detaig(fFe 4-5) [2]. Step 1 is the size
reduction and thermo chemical pretreatment of relulosic biomass to make cellulose
polymers more accessible to enzymatic breakdowrfraedup hemicellulosic sugars
(Figure 4-6 and 4-7) [2]. Step 2 is the producimal application of special enzyme
preparations (cellulases) that hydrolyze plantealll polysaccharides, producing a
mixture of simple sugars (Figure 4-8) [2]. Stels $he fermentation, mediated by
bacteria or yeast, to convert these sugars to etlaad other coproducts.
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Figure 4- 5 — Traditional Cellulosic Ethanol Convesion, with Pretreatment & Hydrolysis [2]

Step 1: Biomass size reduction and pretreatment po@ss

Figure 4-6 contains a pictorial representation pfaats cell wall, which shows the
cellulose, hemicellulose, and lignin intertwine@or the enzymes to be affective in
breaking down the cellulose and hemicellulose nopge sugars, they first need to be
exposed [2, 11]. This pretreatment process idewéo increase the accessibility of
cellulose to enzymes that will later be convertedugar [2, 11]. Pretreatment happens
with heat, enzymes, and/or acids that destroysidieix of polymers so that the cellulose
is accessible during hydrolysis (Figure 4-7) [2]. 1Rretreatment is an additional step
from the starch to ethanol conversion process suothé of the most expensive processing
steps due to large equipment cost and the higls cbgnzymes [2, 11]. Two companies
that are advancing research to decrease the ceszgies are Genencor and
Novozymes Biotech. Currently enzymes costs betv#®eB+-$0.26/L ($0.3-$1.0/gal) and
are needed to decrease to $0.03/L ($0.1/gal) tmecompetitive with corn grain

ethanol. The efficiency of the pretreatment predegpacts the ethanol yield of
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lignocellulosic materials [2, 11]. Improving thpsocess has been a major obstacle to
making lignocellulosic ethanol high yielding andstoompetitive.

Ptinlmrr

Cellulose microfibril
Plasma membrane

Hemicellulose

Figure 4- 6- Simplified Model of a Primary Plant Cdl Wall. The cellulose core is surrounded by
hemicellulose, a five carbon (pentose) and six cash (hexose) sugars [2]

Lignin
//- Cellulose

Hemicellulose

Figure 4- 7 — Cellulosic Ethanol Biomass Pretreatnme Process. The goal is to make cellulose
assessable to enzymatic breakdown (hydrolysis) asolubilize hemicellulose [2]

Step 2: Enzyme application and hydrolysis
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Once the cellulose and hemicellulose is exposetynees are then used to break them
down to sugars that can then be fermented. Thisass is called hydrolysis [2, 11, 29].
Cellulose is a six carbon carbohydrate, similsstiwch and therefore enzymes to break
down this type of molecule are already developdugit conversion rates. Enzymes
such as cellulases are synthesized by fungi angreto work together to degrade
cellulose and other structural polysaccharidesombss [2, 11]. However,
hemicellulose is a five carbon molecule and theesémzymes to break down this type of
molecule are currently being developed to increélaseellulosic yield from biomass
feedstocks [2, 11, 29]. Current hemicelluloseugas conversion rates have been
demonstrated at 67.5% in laboratory tests at NREL [

(1) A cellulase
enzyme breaks down
pretreated cellulose
fragments into double glucose
maolecules (cellobiose), which are then
split by anather cellulase type (2) into
single glucose residues.

Cellulose

Figure 4- 8 — Hydrolysis of Cellulose to Sugars. rizymes are synthesized by fungi and bacteria work

together to break down cellulose into fermentablewgars [2].

Step 3: Fermentation

Once cellulose and hemicellulose are broken dovamnpler sugars, the next step of
fermentation can begin. Fermentation is the bicklgrocess in which yeast convert
sugars to ethanol and carbon dioxide under anaecolniditions [2]. While there is no
commercial scale lignocellulosic ethanol facilitgsearch test have shown a current
ethanol yield rate of 238+6.4 liter/Mg at a 67.5661¢ersion efficiency [2, 11, 29]. This
conversion rate again depends on the mass fraafittre biomass, the efficiency of

pretreatment process, the hydrolysis efficiency, f@mmentation [2]. Therefore, as
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research continues to improve the efficienciehesé processes the ethanol yield from
cellulosic sources will increase. At a 90% conier®fficiency 328+9.1 liter/Mg of
ethanol would be produced from switchgrass [11, Z}itchgrass has a theoretical

maximum ethanol yield of 432+12 liter/Mg.

The following equations represent the main chenuoalersion steps in converting
cellulose and hemicellulose to ethanol. The cedlid ethanol conversion efficiency was
modeled based on published switchgrass mass fnactiod demonstrated ethanol

conversion yields [5, 11, 29].

Cellulose To Ethanol [11, 29]
Step 1: Cellulose to Glucose, 63.5% conversiogieffcy assumed
CeH1005 +H,0 — CsH 0, Equation 4- 1

Step 2: Glucose to Ethanol, 95% conversion effoyreassumed
C.H,,0, - 2C,H,O0+2CQ, Equation 4- 2

Hemicellulose to Ethanol [11, 29]
Step 1: Hemicellulose modeled as Xylan to Xylog&% conversion efficiency assumed
C,H,O, +H,0 -~ C,H,,O Equation 4- 3

Step 2: Xylose to Ethanol, 90% conversion effigifeagsumed
3C,H,,0, - 5C,H,0+5CQO, Equation 4- 4

Through the process of distillation ethanol is teeparated out of the “beer” as a 190
proof or a 96% ethanol mixture [11]. This mixtdhen undergoes a dehydration step
where the remaining water is removed by a moleaitare resulting in 200 proof ethanol
called anhydrous ethanol. The 200 proof ethanthléa denatured by adding 5% gasoline

to prevent human consumption [11].
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The remaining residue contains mainly lignin anche®f the cellulose and
hemicellulose from the feedstock that remains unedred through the hydrolysis
process [2]. Anaerobic digestion (AD) is useddowert this remaining waste water,
which is high in soluble solids, to a biogas highmethane and small amounts of waste
biomass called sludge [2, 11]. AD is the biolog@agradation of organic matter in the
absence of air. The methane and sludge producsdAD can then be burned to
generate steam and electricity. The use of thesevaste streams enable the facility to
be self sufficient in energy, reduces soil wasgpdsal costs, and generates an additional
revenue stream through selling excess electrioith¢ grid as a coproduct [2, 11].
Utilizing the remaining biomasses chemical enengginly from lignin, eliminates the
need for additional fossil fuel consumption whiahai corn grain ethanol facility accounts
of 60-70% of the total life-cycle fossil energy ww®d GHG emissions. This is one of the
main reasons lignocellulosic ethanol has a high NBY low life-cycle GHG emissions

when compared to corn grain ethanol and gasoline.

Lignocellulosic Ethanol Model and Assumptions
Lignocellulosic ethanol from switchgrass was modddased on the assumptions and

equations defined earlier in the chapter. All cstover results are based on [7]. While
the corn grain ethanol industry provides the ethaanversion efficiency data needed for
a life-cycle assessment, the ethanol conversi@nfrain switchgrass is not as widely
known or accepted as the process is still in teearch phase. Therefore, for this
analysis the ethanol yield from switchgrass wasm@hed based on the mass fractions
of cellulose and hemicellulose in switchgrass aqghéons 4-1 through 4-4. Probability
distributions were created to represent the massidins of cellulose, hemicellulose, and
lignin to account for this variability in the comgition of switchgrass. Databases from
the Energy Efficiency and Renewable Energy divisibhdS DOE were used to gather

physical properties and cellulose, hemicellulose, legnin mass fractions for modeling

4 Energy Efficiency and Renewable Energy (EERE)elative Fuels Comparison Chart, Biomass
Feedstock Composition and Property Database
http://www1.eere.energy.gov/biomass/feedstock et html
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Alamo switchgrass [10, 27-29]. This was then usedetermine the ethanol conversion

rates at different conversion efficiencies.

While Table 4-2 and equations 4-1 through 4-4 mtethe ethanol conversion
efficiencies assumed as a present value, in theglis ethanol conversion rate is
assumed to increase from the current demonstratedslof approximately 65% to the
projected future level of 90% [11, 29]. The 20ature switchgrass scenario inputs are
defined in Table 4-3.

The ethanol processing sector assumptions:

1. All process steam and electricity is obtained tilgfothe burning of lignin [2, 11,
29]

2. Additional electricity may be produced from excpsscess energy that can then
be sold to the gird. This is considered a coprodiithis process. For this
analysis coproduct credits are not includsdhe amount of electricity sold to the
grid depends on the facility’s design [2, 11].

3. Ethanol yield is calculated from the mass fractiohsellulose and hemicellulose
in switchgrass (Equations 4-1 to 4-4).

4. Enzyme, chemical, and yeast production energyarieided

5. Embodied facility structural energy is not included

Lignocellulosic Ethanol Energy Consumption and GHG
Emission Results

The section presents and discusses the fossilyenengumption and GHG emissions
associated with cellulosic ethanol production froonn stover and switchgrass. Figure 4-
9 and Figure 4-10 displays the NEV and GHG emissfonfive different scenarios. All
cellulosic ethanol scenarios have high NEV's as éssumed that the unprocessed lignin
will provide the cellulosic ethanol facilities eggrfor steam and electricity. Corn stover
ethanol production energy consumption is made upeg&nergy needed to collect,
preprocess, handle, and transport the stover frefi¢ld to a processing facility. The

majority of the energy consumed in this scenarutuisng the collection and
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preprocessing. Switchgrass ethanol’s NEV is ohgghdy higher than ethanol produced
from corn stover due to its lower agricultural itgauSwitchgrass grown in lowa resulted
in negligible NEV and GHG emission difference, simgythat geographic variation has
little impact, at least between these two statemdgéaphic variation can still be a factor

in other states where switchgrass was originaltynadive.
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Monte Carlo LCA Results
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Figure 4- 9 — Cellulosic Ethanol LCA Net Energy Valies — (MJ of fossil energy consumed per liter of
ethanol produced). Based on the LHV

In the future, even with improved crop managemeatices, increased biomass yield,
and increased cellulosic ethanol conversion yidltse is almost no change in the
average value for the NEV and GHG emissions, thahgtstandard deviation is larger.
Compared to gasoline, cellulosic ethanol from @daver and switchgrass reduces GHG

emissions by 70% and 95% respectively.
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Figure 4- 10 — Cellulosic Ethanol LCA Greenhouse GaEmissions — (gC@equivalent per MJ of
fuel). Results for gasoline represent today’s avage value including upstream and downstream
emissions. For gasoline consumption, the 18 gG@quivalent represents the upstream emissions,

and 72 gCQ-equivalent represent its combustion.

The main reason for this is the utilization of ligiy the ethanol processing facility for
its power needs. Though to realize these GHG ltsmeainy challenges will still need to
be overcome. With corn stover as a feedstockarekes still needed to determine a
maximum removal rate that minimizes additional emvinental impacts. Additionally,
new techniques and possible machinery will nedzktdeveloped to minimize damage to
the top soil. With switchgrass as a feedstock]dhge scale agricultural process will
need to be developed. Major challenges will inelidproving biomass yields, and
developing storage options. Additionally, unlile stover which is an agricultural
residue, switchgrass as a bioenergy crop would arexkisting cellulosic market and/or

government incentives to provide the economic sgcoeeded to move acres into
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production. Chapter 5 will summarize and disdbgsLCA results thus far for corn

grain, corn stover, and switchgrass based ethanduption.
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Chapter 5: LCA Comparison of Bioethanol Production
Pathway’s

Thus far this study has modeled and assessedgbi ¢oergy, GHG emissions, and
petroleum displacement of ethanol production framngrains, corn stover, and
switchgrass. Each of these scenarios has beamsdest in chapters 3 and 4,
independently of the others. The goal of this tiials to compare the different
bioethanol production pathways and highlight widiferences between options arise.
This chapter will also evaluate and discuss thd lese efficiency for these different
feedstocks. This is needed as the scale of pratiugltimately depends on the most

optimal use of land.

The main starch and cellulosic ethanol productiathyways modeled and evaluated are
Corn Grain Ethanol, Corn Stover EthanaindSwitchgrass EthanolWithin each

pathway there are additional scenarios that wead/aed to evaluate how different
aspects of the system affect the results. For plgracenarios that represent different
geographic regions or alternative uses of coprodugtdits are considered as well. These
three main scenarios are then projected into thedisome 20 years to evaluate how
improving aspects of the system can impact futassif energy consumption and GHG
emission results. Their detailed descriptions @malysis assumptions are given in
Chapters 3 and 4. Below is simply a summary ofsttemnarios considered under each

feedstock option:

Life-Cycle Assessment Scenario Summaries

Corn Grain Ethanol (Chapter 3)

* lowa Corn Grain Ethanol — This scenario looks at corn grain ethanol prtdadn
lowa. Agriculture characteristics of lowa are usedepresent a corn grain ethanol
scenario from a high corn yield state from the CBelt. This scenario is intended to
represent the most efficient option as lowa isstla¢e with the highest average corn

yield [1]. No coproducts are assumed for this aden
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Georgia Corn Grain Ethanol — Corn grown in Georgia was analyzed to illustrate
the affect of growing corn for ethanol productiorai traditionally low corn

producing state outside the Corn Belt. This sdenaas chosen to demonstrate the
affects of using different geographic regions forrcproduction. Understanding this
will become increasingly important as the entitea@bl system expands and new
lands are utilized for corn production. In thigsario it is also assumed that the corn
produced would be shipped to an ethanol convefsigtity in the Corn Belt initially.

In the future, if enough of the feedstock was Ilycavailable, a facility could be built

closer to the feedstock. No coproducts are assdionekis scenario.

lowa Corn Grain Ethanol Plus A 20% Coproduct Credit — This scenario adds
onto thelowa Corn Grain Ethanoscenario by incorporating the assumption that a
“credit” should be given for the sale of dried dists grains with solubles. A 20% to
40% coproduct credit range has been used in #ratitre [2]. This means that 20%-
40% of the process energy and thus GHG emissi@nsarcounted for in the final
result. This scenario assumes a 20% coproducit toeshow how this assumption

affects the energy and GHG emission results.

lowa Corn Grain Ethanol Plus DDGS- This scenario looks at corn grain ethanol
production in lowa and considers the use of DDGS§ faility fuel source rather
than selling it as an animal feed. Burning the B3¢ n be used as a fuel source to
offset an ethanol facilities natural gas and eieityrconsumption [3]. Currently,
DDGS is sold within the animal feed market resgitiim a second economic source
for the ethanol facility. A variety of changesth® system may make the use of this
product as a fuel source more economical. For plgmnder high natural gas prices
or a low DDGS market price, DDGS could be burnedffset facility fuel costs [3].
DDGS may also be used a fuel source, if facilitgsexpand to regions where there
either is no animal feed market or the transpostsare too high to ship DDGS to
market. In this scenario, burning DDGS would dftee total corn grain ethanol

fossil energy use and GHG emissions [3].
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lowa Coal Powered Corn Grain Ethanol —Facing high natural gas prices, some
ethanol conversion facilities are being approved thilize coal as their fuel source.
This scenario considers corn grain ethanol prodircéalva by a coal powered,
rather than natural gas powered, ethanol convefamlity. This scenario was
developed to look at the fossil energy and GHG ichpéaproducing corn grain
ethanol when the conversion facility utilizes cwatead of natural gas for its energy

needs. No coproducts are assumed for this scenario.

2025 lowa Corn Grain Ethanol- This scenario projects the lowa Corn Grain
Ethanol scenario to the year 2025 to evaluate ¢ienpial future system NEV and
GHG emissions. This scenario is used to identifiyctv aspects of the system, if
improved could reduce the overall fossil energystonption and GHG emissions the
greatest. lowa historic agricultural data is usedroject each input into the future

some 20 years. No coproducts are assumed fasdaigrio.

Corn Stover Ethanol (Chapter 5)

Corn Stover Ethanol — This scenario looks at ethanol produced fronm sbover.

The location of the stover is assumed to be wighti® mile radius of an ethanol
conversion facility. The agricultural inputs taoguce the corn are traditionally
allocated to the grains and not the stover, aestig\wa residue of corn production [4].
A laboratory demonstrated cellulosic ethanol cosner rate of 67% (238L/dry ton)

is assumed [5]. In practice initially this valuewd be lower. Corn stover LCA
results from a MIT PhD thesis by Jeremy Johnsohbeilused [4]. It is also assumed
that lignin, a part of the plant not converted ttme@ol, will be used to provide the
facility’s energy requirements. A coproduct cregés not assumed for any electricity
that could be sold to the grid during the ethamoiversion process, as that depends

on the facility design.
2025 Corn Stover Ethanol- This scenario projects corn stover ethanol prtodo

into the future some 20 years. The main assumphi@nchanges in this scenario is

the cellulosic feedstock to ethanol conversiorcedficy rate, which improves from
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67% to 90% (328L/dry ton) [5]. Itis also assuntieal lignin, a part of the plant not
converted to ethanol, will be used to provide thality’s energy requirements. A

coproduct credit was not assumed for any elecggrtb@t could be sold to the grid

during the ethanol conversion process, as thatraispen the facility design [5].

Switchgrass Ethanol (Chapter 5)

Alabama Switchgrass Ethanol This scenario examines the use of Alamo
switchgrass as a bioenergy crop. This scenarisiders switchgrass that would
be grown in Alabama, as an example of a high bismeed state. Through
previous experimental field testing, Alabama haanbghown to have the potential
of producing high switchgrass yields [6]. As imttorn stover scenarios, the
location of switchgrass is assumed to be withii® anfle radius of a conversion
facility. Currently, demonstrated cellulosic etbbhoonversion yields of 67%
(238L/dry ton) are assumed [5]. Itis also assuthatlignin, a part of the plant
not converted to ethanol, will be used to provite facility’s energy
requirements. A coproduct credit was not assuraedry electricity that could
be sold to the grid during the ethanol conversimtess, as that depends on the
facility design [5].

lowa Switchgrass Ethanol- This scenario represents Cave-In-Rock switclsgras
produced in lowa. This state was chosen to evalwaether geographic

variation affects the systems fossil energy congion@and GHG emissions. The
location of switchgrass is assumed to be withii® anfle radius of a conversion
facility due to economic constraints. Currentlgngbnstrated cellulosic ethanol
conversion yields of 67% (238L/dry ton) are assufdgd It is also assumed that
lignin, a part of the plant not converted to etHandll be used to provide the
facility’s energy requirements. A coproduct cregi#s not assumed for any
electricity that could be sold to the grid durihg tethanol conversion process, as

that depends on the facility design [5].
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» 2025 Alabama Switchgrass Ethanot This scenario projects Alabama
switchgrass grown in Alabama into the future sofdg&ars. The location of
switchgrass is assumed to be within a 50 mile sadfta conversion facility. This
scenario examines the systems fossil energy cortsumgnd GHG emission
impacts of improved system inputs such as biomig$d gnd ethanol conversion
efficiency. It is also assumed that lignin, a gdrthe plant not converted to
ethanol, will be used to provide the facility’s egeerequirements. A coproduct
credit was not assumed for any electricity thatddne sold to the grid during the

ethanol conversion process, as that depends daditiey design [5].

Biomass to Ethanol LCA Results and Discussion

Figure 5-1 and 5-2 display the total system NEV @htlG emission results for all
previously published studies as presented by Faared the Monte Carlo LCA results for
corn grain, corn stover, and switchgrass ethareiaios®. As discussed in Chapter 3,
all previously published corn grain ethanol NEVules are within one standard deviation
of the Monte Carldowa Corn Grain Ethanoscenario expect for the study by Pimentel.
The reason is that, while most studies have difitergut values, they are still from data
sources that represent the system currently. Reh®data is often outdated to a point

where the likelihood of them occurring today isykaw.

A 20% coproduct credit is often assumed in US gavent studies such as the one by
Shapouri and Wang [7, 8]. In this study the scen&wa Corn Grain Ethanol With
20% Coproduct Crediteepresents a case when a coproduct credit isgocated. When
coproduct credits are assumed, the studies thamasa coproduct credit are within one
standard deviation. Pimentel does not assume a&alyt.crCurrently, policy is being
written assuming this coproduct credit, which raigee NEV and decreases the overall
GHG emissions attributed to corn grain ethanddditional research is needed to truly

determine if the sale of DDGS is actually displacamimal feed production, which is

> Net Energy Value (NEV) = Ethanol LHV — Fossil EggiConsumed During the LCA. Discussed in
more detail in chapter 2.

114



what this credit assumes. This is difficult to @ately assess, and therefore unwise to
create policy based on an assumption that may gmoibe true. With high natural gas
prices and new facilities located beyond animadl fiexarkets, facilities are considering an
alternative use of DDGS, as a fuel source. Themaio is represented lbgwa Corn

Grain Ethanol Plus DDGSIf DDGS is utilized as a fuel source for a corsuen facility,
the NEV increases 4 fold and GHG emissions decralasest 3 fold compared to today’s
current practice. This is because the facility lossergy consumption represents
approximately 70% of the total corn grain etharystem fossil energy consumption.

The use of DDGS either as a coproduct or as astuaice ultimately depends on the
economics of the system. Though in the futuregipidl GHG policy may improve the

economics of burning DDGS.

The same increase in the NEV is seen from all lmia sources. This is again due to the
utilization of lignin in biomass, which is burneal produce the facility’s steam and
electricity needs. For example, if an agricultuesidue, such as corn stover is utilized as
a feedstock, the NEV increases 3.5 fold from togl@ayirrent corn ethanol values.

Ethanol produced from corn stover also has a hitgr and lower GHG emissions
because none of the associated inputs for corruptioth are attributed to it. Only the
harvesting and transporting fossil energy use asdaated GHG emissions are

considered.

Ethanol produced from switchgrass also resultsgh NEV and low GHG emissions.
When compared to corn grain ethanol, switchgradgiadally has 92% lower
agricultural fossil energy consumption. The fossiérgy consumed during the
agricultural process of growing corn grains in log&.1 MJ/L, while for switchgrass
produced in Alabama the energy consumed is 0.4 MJHis is mainly due to the factors

listed below:
1. Nitrogen fertilizer is the most energy consuming &HG emitting

agricultural input for both feedstocks. The niegadertilizer application rate

is 47% lower for switchgrass than for corn producti This is due to the deep
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rooting system of switchgrass and its efficiencuytdizing the nitrogen in the

soil.

. The farm machine fuel use is 83% lower for switasgrthan corn stover.
This is because switchgrass requires fewer inpartygar, and therefore less

farm machinery use.

. Switchgrass crop management practices (i.e. cuttlngh leaves the roots in
the soil) minimize the need for additional agrioudt inputs the following

year.

. Switchgrass is a drought tolerant species andftirer@rigation is not
needed. Though in the future, if yield is an ecoiwodriver for farmers,

irrigation may be used.

. The average biomass yield of corn grain is 9,116&gwhile for switchgrass
it is 21,880 kg/ha.

Corn grain ethanol fossil energy consumption and3@&thissions are more sensitive to

geographic location than switchgrass productiohis €Tan be seen when comparing state

specific results for each of the feedstocks. Eongrain ethanol, there is a factor of 3

difference between lowa and Georgia’'s NEV. Fortghgrass ethanol in Alabama and

lowa, the results are approximately the same.s iBpartially explained by the fact that

switchgrass use to be a native species to mudieahiddle and eastern part of the

country. It is also considered a very hardy speaied suited for a variety of climates and

growing conditions. Unlike switchgrass, high yielfn production is more

geographically specific to the Corn Belt. Therefdhe geographic location of corn

production is much more limited than for switchgrasoduction.
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In the future, biomass from geographic locatiora ttave varying land use efficiencies

will be utilized to support a growing biofuels irgtry. Ultimately, large-scale biofuels
production, and thus petroleum displacement wiledel on land availability and its

Figure 5- 2 — GHG emissions for various bioethangdroduction pathways



productivity. Defining a land use efficiency iseometric that can be applied to
determine which crops will yield the largest amoahbiofuels. Land use efficiency is
defined here as the amount of biofuels, in thig @bkanol, that can be produced on a
given area of land. Figure 5-3 depicts curren0@@nd future (2025) land use
efficiencies for the various ethanol productionhpedys. Ethanol yield per unit of land is
dependent on crop yield, geographic location ahdredl yield. As ethanol production
increases, crops from various geographic regiotideiused. For example, land used to
produce corn grain ethanol in Georgia is 29% |&sent than ethanol production from
corn grains produced in lowa (Figure 5-3). Thipatt can be seen in the decreased
NEV and increased GHG emissions (Figure 5-1 an§l 3-8ture lowa corn kernel
ethanol scenarios project a 50% increase in laacetiiency due to projected higher

corn and ethanol yields in 2025.

Corn stover is expected to be one of the firstgemaks for cellulosic ethanol production
because of its collocation with the existing etHandustry. In the future, ethanol could
be produced from corn and corn stover from the danetarea. When both these

feedstocks are used to produce ethanol, the laméftisiency increases 11% compared

to when only the corn grain is used to producereiha

Currently, land required per unit of switchgradsaebl is comparable to land required for
corn ethanol. In the future however, land thatadicated for switchgrass production is
expected to out perform future corn ethanol hestaye45%. This is due to the
expectation that switchgrass yields, as well asilosic ethanol conversion rates will

improve.
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Biomass productivity and availability needs to Ipéirized for ethanol production to
increase to levels where significant quantitiepetfoleum could be displaced. This will
depend on land availability and incentives to lamhers that encourage them to sell
biomass residue, which could shift land use frawirrent practice towards a bioenergy
crop. In Chapter 6, this study assesses the paitenale that biomass from current
crops, agricultural residues, and bioenergy crogg nave. It considers future
production levels of current corn grain productias well as the potential transition of
agricultural cropland to bioenergy feedstocks, sagBwitchgrass. Finally in Chapter 6,
the potential scale of ethanol production from ¢hiesedstocks is concluded. Life-cycle
assessment results from this chapter are theneaplidetermine the impact of ethanol

production from these various biomass sourceseat plotential maximum scale.
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Chapter 6: United States Scale of Ethanol Produatin

Within the transportation sector, society is oft@oking for a “sliver bullet” when it
comes to replacing petroleum as our nation’s prynmmaotor fuel. Though there is a
variety of vehicle technologies and alternativdduaone to date are seen as a complete
petroleum replacement. Instead, each has a rglayoat reducing our dependence on
oil. The magnitude of their impact depends on @ewange of factors such as
technology adaptability, economic competitivengsssatility, and its ability to integrate
within existing infrastructure. Biofuels, and sgamlly ethanol, have a unique
advantage, because its initial industry and tectkicowledge was already developed. It
is also easily integrated into gasoline at low Bewithout consumer knowledge or
consumer behavioral change. Currently ethanolatigg 2.5% of US gasoline
consumption, making its role more of a fuel additikan a gasoline displacement or
alternative. Currently, 50% of gasoline is blendegith some fraction of ethanol. Most
ethanol now produced is blended at rates below 40&w@ble to be used in flex-fuel
vehicles which can operated up to gasoline bleh@&% ethanol (E85). For ethanol to
be considered a motor fuel alternative to gasotime scale of ethanol production will
have to increase significantly. While corn graiinagol production is expected to
increase in the next 10 years, alternative cellalfeedstock sources are seen as
necessary for ethanol production to displace aifstgnt portion of the transportation

petroleum-based fuel market.

Ethanol’s scale of production depends on feedsamcka wide range of factors. This
study assesses the potential scale of ethanol giioddrom three different feedstocks;
corn grain, corn stover; and switchgrass. Withichef@edstock option six factors were
defined that affect its potential to scale; landikability, technological feasibility,
economic viability, development and synergy of istthes, policy, and environmental
impact. Each of these factors is discussed inldetalentify system barriers in all
sectors that will need to be overcome to increasmiss and ethanol production. Below
is a brief description of each of these six factors
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Land Availability — Land availability to either harvest agriculturesidue or grow
bioenergy crops will limit the scale at which domiegsthanol production can grow.
Current agricultural land and land within the USBAonservation Reserve Program
(CRP) is considered for potential agricultural desi removal and bioenergy crop
production. CRP land is degraded agriculturatlldrat has been taken out of

production for environmental reasons or due ttoitsproductivity [1].

Technological Feasibility— This relates to the technological challengetrkad to
be overcome in the agricultural, biomass collectind transport, and ethanol
conversion arenas. It includes issues relatinmproving biomass yields, collection

techniques, to biomass storage practices, and@tbanversion efficiencies.

Economic Viability — This address the economic competitiveness etihémol
relative to gasoline. This depends on oil andrethprices, feedstock and transport

costs, cellulosic ethanol facility costs, and ethalistribution costs.

Development & Synergy of Industries- This addresses the need for initial and
further development of the key industries to baittiHer scale-up corn ethanol
production and to create an industry for cellul@&tltanol production. Industries that
need to be either further developed or createdideclfarmers, biomass transport
infrastructure, biomass storage facilities, cekideethanol facilities, and ethanol
distribution infrastructure. In the corn graina&tiol industry, development mainly
relates to ethanol distribution bottlenecks asféleelstock and conversion facilities
are already developed. In cellulosic ethanolldtes to all aspects of developing a
new industry such as, feedstock availability andacety of a cellulosic market,

biomass transport, storage, facility developmemd, ect.

Policy — This relates to the role that national and sjateernments play and policies

they use, in initiating and motivating the increasbioethanol production.
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* Environmental Impact — This assesses the fossil energy consumptioGai@
emissions as the scale of ethanol production iseietom each of the three biomass
sources. It also considers the most effectiveofisend for biofuels production by
examining the land use efficiency, defined as itieed of ethanol produced for
hectare of land.

The remaining sections explain how these six @faaffect the potential scale of

ethanol production for each feedstock.

Scale of Production of Corn Grain Ethanol
Currently in the United States ethanol is produtech corn grains. Corn production in

the United States is centered within the Corn ®élkre approximately 83% of 2007 corn
grain production was produced from 10 states (Idivagis, Nebraska, Minnesota,
Indiana, Ohio, South Dakota, Wisconsin, Missoung Minnesota) [2, 3]. Ethanol
facilities are also centered within the Corn Belkéep grain and DDGS transport costs
low. Chapter 3 has a detailed description of histoorn yields and agricultural inputs.

In the past few years acreage dedicated to cowuption has increased due to increased
demand from the ethanol industry. From 2006 to/20@rvested corn acreage increased
20%, coming mainly from soybean, wheat, and cositnreage [4]. As the corn grain
ethanol industry continues to increase, this sexmines the questiorlow much

ethanol can be produced from corn grains, whil# steeting other corn market
demands?This section explores this question and lookbafactors that may limit
and/or bound this industry’s growth. The fossiélgy and GHG displacement at this
production capacity is also evaluated and discussed

Factors That Affect Corn Grain Ethanol Scale of Pro  duction
The six factors that were defined that affect thengyrain ethanol scale of production are

discussed below:
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Land Availability — Corn production is an established agriculturatpce that is
centered in the Corn Belt. Corn planted acreagarmded by 20% from 2006 to 2007 in
response to increased ethanol demand [4]. Inulilued, corn acreage is expected to
continue to increase, though total cropland idyilte remain constant. The majority of
this increasing corn acreage will come from thdtisiyg of other agricultural crops to

corn production. While ethanol production is cantcated within the Corn Belt, there
are a few facilities being built in Arizona, Oreg@md New York. When producing
ethanol outside of the Corn Belt, local corn gsupplies and animal feed markets are
often utilized. Areas outside the Corn Belt mayab& to sustain a small number of corn
grain ethanol facilities but the majority of prodioo is expected to stay within the Corn

Belt for economic and feedstock availability reason

Technological Feasibility— This factor includes the potential technologedyances in
both corn grain yields and corn grain ethanol cosiea rates. Corn grain production is
an agricultural practice that has been aroundrgélacale since the early 1900s. Since
then there have been substantial increases inyoelds through advancements in crop
management practices, the development of fertdlizand genetic engineering (Figure 3-
3, 3-4, 3-5). In the future, yields are expecteddntinue to increase due to continued
incremental advances within these arenas. Coin gthanol production is also an
established industry based on a mature technolGgyrently new facilities have
conversion rates of 11 I/bu (2.9 gal/bu), wherethle®retical maximum is 13 I/bu (3.4
gal/bu). Incremental improvements to the systemfaether increase the starch-to-
ethanol conversion efficiency, though the majoraatements have already been
realized. Inthe end, while incremental improvetsea this system will continue, major

advances are unlikely.

Economic Viability — Corn grain ethanol production is sensitive tthlml prices and
production costs. The main ethanol facility prditurt costs are the cost of corn and
fossil fuels to power the facility. Since 2006 tharket price of corn has surged from
$1.86 per bushel to around $4 per bushel. Thooghaosts could continue to increase,

there is a limit to which ethanol facilities wilbntinue to pay. That limit depends on oil
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prices and the market price for ethanol. In 20@6rarket price of ethanol surged to
$1.04/L ($3.95/gal) and averaged $0.58-$0.61/LA&&%2.30/gal). In October 2007 the
price dropped to $0.42/L ($1.60/gal) due to a sugph ethanol production. This surplus
is partly due to the saturation of local markets #re bottleneck in infrastructure to
transport the fuel to further away coastal mark&sme see this as a short-term problem
while others are looking for a longer-term solutgauch as retrofitted existing pipelines to
transport gasoline ethanol blends or creating aetéanol pipeline infrastructure. At
2006 average corn prices, the average corn graamel cost of production was $3.20 per
bushel of corn, or $0.32/L ($1.23 per gallon) dfagtol produced [5].

Development & Synergy of Industries- When ethanol demand increased, the industry
mainly had to scale up as players within the coaingethanol industry had already
existed. This can be seen from the 3 fold incr@asern grain ethanol production since
the year 2000 [2]. Additionally, by the year 2d@gility expansion and the construction
of new facilities will have increased the industreapacity to beyond 28 billion liters

(7.5 billion gallons) [6]. One of the main obstxin the road for this industry is the
ethanol distribution network. The infrastructuoeriansport ethanol to coastal markets
has seen bottlenecks due to the limited availgwlitrail cars and trailers. Some see this
as a short-term temporary problem while otherdaoking for a longer term solution

such as retrofitting existing pipelines or creatingew pipeline infrastructure.

Policy — Increased ethanol production resulted from tvagomevents: the first being the
phasing out of methyl tertiary-butyl ether (MTBE)dathe second being the adoption of
the Renewable Fuels, Consumer Protection, and Efgfigiency Act of 2007, the new
RFS. MBTE was used as a gasoline oxygenate adddaivaise the fuels octane number.
A high octane number is need to prevent engine kaacabnormal and potentially
destructive combustion process [7]. Due to widesgrcontamination of groundwater by
MBTE leaking from gasoline fuel storage tanks, @asi states have been banning its use.
Ethanol, also a fuel oxygenate, was then discuasdgpromoted as an alternative to
MTBE. By 2006, the use of MBTE in gasoline had thoeen phased out, with the

expectation that ethanol would be used instead.
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The second factor promoting the growth of the edhardustry was when it became
supported by both national and state governmedhtgas seen as a way to improve
national energy security through displacing oil #mdugh supporting a domestic
industry. The new RFS was the first governmentdassthat boosted the production of
ethanol, by requiring 28 billion liters of renewalfuel to be blended with gasoline by
2012. That target is expected to be met by 200% US government’s blenders tax
credit of $0.13/L ($0.51/gal) made producing eth@monomically feasible. State
government polices also boosted demand for etha®talte legislation that requires
minimum ethanol blends have been enacted in Mirtagbtawaii, and Montana. While
Washington, Colorado, lllinois, lowa, Kansas, Misspand New Mexico all have
proposed minimum blending requirements.

In December of 2007, a new RFS was passed th&ased the renewable fuels mandate
from 28 billion liters to 136 billion liters (36 libn gallons) of renewable fuels by 2022
[8]. This bill allows corn-based ethanol to contitid 57 billion liters (15 billion gallons)
and cellulosic ethanol to make up the difference starting to be available at large-scale
by 2009 [8].

Environmental Impact — Corn ethanol production has a range of enviroriahémpacts
associated with its agricultural and facility prees. Corn production is one of the most
energy intensive and environmentally damaging crd@psrn production requires large
amounts of fertilizers that are known to contamengriound water, lakes, and be the main
cause of the hypoxia in the northern region ofGhgf of Mexico. This past year, the
hypoxia in the Gulf of Mexico has increased, argkegchers are pointing at the
increased corn crop acreage as the cause. Comegnanol processing also consumes
4-7 gallons of water per gallon of ethanol produf@d Depending on the source for this
water, this can have a large affect on ground watesls and reservoirs.
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Determining Corn Grain Ethanol Scale of Production
Ethanol production increased substantially in thst3 years due to the banning of

MTBE and the enactment of the Renewable Fuels &tdn@RFS) in 2007. The banning
of MBTE, lead to ethanol being a direct substifotethis gasoline additive. The 2007
RFS mandated the blending of 28 billion literseri@wable fuels, providing an increased
demand for biofuels. Ethanol, being an establishddstry, was able to quickly expand
to meet this requirement. Since 2000, ethanolyston has increased 3 fold [6].
Currently, ethanol production is centered in ther®elt with 131 facilities having the
capacity to produce 26 billion liters (6.9 billigallons) of ethanol per year [6]. Over the
next 2-3 years an additional 23 billion liters (6iBion gallons) of capacity is being
added from current facilities expanding their cajysend the addition of 73 new

facilities [6]. Therefore by 2009, the corn grattanol industry in the United States will
be a 50 billion liter (13 billion gallon) industig]. It is expected that corn grain ethanol
production will continue to increase over the ngstade, especially as second generation

biofuels in the near-term are still not econommascalable.
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Figure 6- 1 —Current and Future Corn Grain Ethanol Conversion Facility’s [6]
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Corn use for ethanol production shows a
larger expansion in 2007 projections
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Figure 6- 2 Corn Use for Ethanol Production Till 216 [4]

Every year the USDA reports on the expected nexteHd production levels of the major
crops within the agricultural industry [4]. Thisport, called th&/SDA Agricultural
Projections to 2016is used to estimate future corn production lej#ls Figure 6-2
represents the USDA'’s projections for the amourtosh consumed by the ethanol
industry for the next ten years. The USDA projextsh consumption for ethanol
production to be approximately 3 times higher tB865 and 1.5 times the 2006
projections [4]. This increase is due to the elg@mcrease in demand by the ethanol
industry. In a response to an increase in ethé@mland, corn production has already
expanded by 20% from 2006 to 2007 [4]. The majamftthis acreage is not in the
expansion of total cropland but in the shiftingotiier agricultural crops, such as cotton
and soybeans to corn production [4]. Additionalyn is expected to be shifted from
the export sector to the ethanol industry [4]the past, US world corn exports
represented 60-70% of the US corn market; withxgraeding ethanol industry that share
is expected to drop to 50-60% [4]. At this corpgurction rate, the USDA is projecting
that the corn grain ethanol industry will level @alita production capacity of 57 billion
liters (15 billion gallons) by 2016 (Figure 6-3).[4This level of ethanol production is
expected to consume 30% of the US corn grain ptaztuby 2010. Since 2006, the
market price of corn has surged from $1.86 per éusharound $4 per bushel [10].
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Long-term projections show average corn priceshiegc$3.75/bu in 2009/10 and then
declining to $3.30/bu by 2016 [4].

Corn-based ethancl production projected
to exceed renewable fusls mandate
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Figure 6- 3 Corn-based Ethanol Production Comparedo 2005 RFS [4]

Currently, both state and national policies ardnletpected to provide incentives to
further the expansion of the corn grain ethanoligtd,. States, particularly in the
Midwest, who have saturated their E10 market, igied to mandate the use of higher
blended ethanol fuels like E15 and E20. The EP&ursently testing higher ethanol
blended fuels with the goal of defining additiob&nds as motor fuels. The new RFS
also increases the renewable fuels target to 1Béndliters (36 billion gallons) [11].
Increasing the RFS mandate will further solidifsnarket place for ethanol facilities. As
ethanol production increases in the future it igezted that advances in improving corn
grain yield and ethanol conversion rates can auithily further the expansion of corn
grain based ethanol. The scale of ethanol prodfroedcorn grain as defined by the
new RFS will level out at 57 billion liters, by tlyear 202 [4, 8]. This is based on the
projections by the USDA and the expected indusidevefficiency gains [4]. At this
level of production, the US is expected to stiinresent 50% of the corn grain export
market, and meet its other animal feed and foodymbdemands [4]. At this scale and
with the assumed system and efficiency gains iR0%2, corn grain ethanol would
displace 6.5% of petroleum consumption and 1% bfoke transportation GHG
emissions (Figure 6-9). These results are baseleohCA of corn grain ethanol

discussed in Chapter 3. Second generation celtubicfuels from feedstocks from

130



agricultural residues, such as corn stover, anenagy crops, such as switchgrass, are
expected to increase biofuel production levels duether in the future, but the time

frame and to what production scale is uncertain.

Corn Stover Production from Agricultural Land
Corn stover is the agricultural residue left onfilb&l once the corn grain is harvested.

Stover includes the entire green part of the ctaintbesides the corn grain, and has a
mass ration of 1:1 with corn grains [12]. Currensifover provides protection from soil
erosion caused by wind and rainfall [12]. It glsomotes improved soil quality by
replenishing the soil with nutrients as it biodetgs. Corn stover is seen as potential
cellulosic feedstock for ethanol production as itellocated within the Corn Belt and
near the current ethanol industry. The produgtigftcorn stover is based on corn grain
production, and can be estimated by future cormgmajections discussed in the
previous section. The amount of stover that magdbected from the field without
environmental impacts is estimated at 30%-50%,dhatis field specific and further

long-term research is needed [12]. This studyrassian average 30% removal rate.

Factors That Affect Corn Stover Scale of Production
The six factors that were defined that affect thenstover ethanol scale of production

are discussed below:

Land Availability — Corn stover is an agricultural residue from coraigproduction.
Therefore, as corn production expands as descnibig previous section so will corn
stover production. The availability of corn stovetherefore limited by the growth
potential of corn grain production. In 2006, thexapproximately 330 million tons of
corn stover. At a 30% removal rate, 100 milliong@f corn stover would be available
for cellulosic ethanol conversion. By 2016 coraigrproduction is projected to reach
14.3 billion bushels, or 363 million tons [4]. Bhecale of corn grain production would

result in 109 million tons of available corn stoata 30% removal rate.

Technological Feasibility -Ethanol produced from corn stover has many unceiesi

and challenges to overcome in the arenas of, etstigiéne removal rate to minimize
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environmental impacts, collection, storage, andytekel and economics of cellulosic
ethanol conversion. Currently research indicatst®@er removal rate of 30%-50%
without adverse environmental impacts. Furtheeaesh is being conducted to clearly
understand the longer-term dynamics between coxestnd soil quality. This could
lead to potential soil testing techniques thataatk a maximum acceptable stover

removal rate and thus an industry average rematal r

In terms of collection, stover is currently not aly collected. During corn grain
harvesting, a combine is used to collect the eptaat, keeping the corn kernels and
releasing the stover back onto the field. A farmarimizes the number of passes the
machinery makes on the field, to preserve thedigigsoil. The topsoil is the top 2-6
inches of soil, which has the highest organic mater concentration of microorganisms
[12]. Plants generally establish the bulk of thiewts in the topsoil and obtain most of
their nutrients from this layer [12]. For stoverlte collected, another piece of machinery
would have to go onto the field and collect theseto While collecting the stover, the
topsoil would be further disrupted. An alternatieehis is the development of
machinery that could co-collect corn grains andiign of the stover. Once collected,
stover can be baled into round or square balex#mbe stored and transported. Stover
can either be stored at the field or at a storagsity located at the ethanol facility. The
cost and logistics of multiple options for balimgndling, transport, and storage are

aspects of the system that have yet to be detedmine

On the ethanol conversion side, advances in impgpthe yield of ethanol from
cellulosic sources needs to occur. The main ambase improvements need to be made
are increasing the efficiency and cost-effectiveredghe pretreatment process,
hydrolysis, and yeast conversion rates. The effoyeof the pretreatment process
depends on the amount of cellulose and hemice#uloat was successfully separated
from the biomass and therefore available for chah@od biological treatment. There
are numerous pretreatment options; these oftemdepe the feedstock being converted.
Enzymatic hydrolysis is the application of enzyrteebreak down the cellulose and

hemicellulose into simpler fermentable sugars 43, Currently, hydrolysis and
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fermentation are two different steps, though redear trying to combine these two
processes into one known as simultaneous sacdadiof and fermentation (SSF) [13,
14]. In SSF the microbes are placed in one vesaging this a one step process of sugar
production and fermentation [13, 14]. NREL has digpped a microorganism that more
effectively converts cellulosic material to biomégsbeing able to simultaneously
convert both five and six carbon sugars to ethfifs]l The disadvantage of SSF is that
both these steps are operating at the same namalmtonditions, which lowers the

overall ethanol yield [14]. To improve cellulogithanol yields research is needed to
improve the efficiency of yeast and reduce the thrtaes of converting both five and six

carbon sugars to ethanol.

Economic Viability — The economic viability of cellulosic ethanol éeps on both the
feedstock costs and ethanol conversion facilitynecsics. Currently corn stover is not
sold as a coproduct of corn grain production.olfected and sold, corn stover would
provide an additional source of income to the farnhe minimum feedstock price is
determined by the farmer while the maximum pricéagermined by the cellulosic
ethanol facilities economics. Studies preformedNREL and ORNL have estimate a
stover delivered cost between $35-$50/dry ton [FBDET, formally known as Broin, is
currently building a cellulosic ethanol facility$ed on corn stock at a delivered price in
the range of $50/dry ton [17].

Technological advances in the cellulosic ethanaleosion technology also need to be
made, to make this process more cost-effectivan&uically, the pretreatment process
and equipment, and enzymes to breakdown the platterare cost prohibiting.
Currently, it is estimated that cellulosic ethawoluld cost $0.58/L ($2.20/gal), at a
conversion rate of 238 L/dry ton (65gal/dry tonyldeedstock price of 53%/dry ton
(Figure 6-4) [16]. Government funding and reseaftbrts are currently being focused
in all of these areas, to lower the production £6st$0.29/L ($1.10/gal) in 2012, to be

cost competitive with corn grain ethanol [16].
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Figure 6- 4 Future Estimated Cellulosic Ethanol Casof Production [16]

Development & Synergy of Industries- Corn stover has the advantage of being
collocated within the Corn Belt near an existingaetol industry. Therefore, within the
region the technical expertise, ethanol faciliteasd ethanol distribution networks are
already in place. The aspects of the system thlah&ed to be coordinated are the
securing of farmers to provide the feedstock withigiven radius to the facility and the
development of the collection, handling, storage] #2edstock transport sectors. This
type of development is characterized by a “loca&Velopment, as the main sectors of the
industries already exist though they need to belwymized with new pieces specialized
for corn stover within the region.

Policy —The policies that were described within the carirgethanol section are

applicable to ethanol produced by corn stover. hiiin the new RFS, it is expected that
80 billion liters (21 billion gallons) of advancédbfuels will be produced by 2022.
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“Advanced biofuels” are defined as any biomass-tbdisel other than corn grain ethanol.
Additionally, the new RFS expects of that 80 biiliters, 21 billion liters (5.5 billion
gallons) of cellulosic ethanol, will be produced2§22. Itis expected that by 2010, 0.4

billion liters (0.1 billion gallons) of cellulosiethanol will start to be produced.

Environmental Impact — Corn stover provides protection to the soil froomavand

water erosion. Stover also returns nutrients latckthe soil during the decomposition
process decreasing the amount of fertilizer requine subsequent year. This additional
organic matter also increases soil biological #@gtiwhich serves as a vital link in the
dynamics of soil nutrient storage, release andbyggants [12]. These positive
environmental impacts reduce soil quality degrashativer time and minimize fertilizer
application rates. Therefore, when considerinligutg stover as a feedstock, research is
needed to determine the maximum quantity that eareimoved without having negative
long-term environmental impacts on the systemtidlnstudies have indicated an
allowable removal rate of 30%-50% though furthesesgch is needed [12, 18, 19]. In

this study the removal rate is always assumed ®0P&.

Determining Corn Stover Ethanol Scale of Production
Corn stover, being an agricultural residue of agnain production, is directly dependent

on corn grain yields and planted crop acreage.n Gmver and corn grain have an
average mass ratio of 1:1 [12]. In 2007 there aygsoximately 330 million tons of corn
stover. At a 30% removal rate, 100 million tongofn stover would be available for
cellulosic ethanol conversion. By 2016 corn gqaioduction is projected to reach 14.3
billion bushels, or 363 million tons [4]. This $e&f corn grain production would result
in 109 million tons of corn stover at a 30% remaadé. Table 6-1 provides the impacts
of utilizing corn stover for ethanol production.oi@ stover available today and in the
future is analyzed at both today and future ceffidl@thanol conversion rates. At today’s
ethanol conversion rates of 238L/dry ton, 24 hilliders of ethanol would be produced.
Applying the LCA corn stover results in Figure Bid 5-2, results in a 3% and 2%
displacement of today’s gasoline consumption agtat kiluty vehicle GHG emission,

respectively. In the future, 109 million tons &d\er could produce 26-36 billion liters
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depending on the cellulosic ethanol conversion ratas rate of corn stover ethanol
could displace 3%-4% and 2%-3% of gasoline consiam@aind GHG emissions.

2007 Available Future Available
Corn Stover Ethanol Units Corn Stover Corn Stover
(100 million tons) (109 million tons)

Today's Demonstrated

Ethanol Conversion Rate 238 +/- 6.4 Liton

Ethanol Produced billion liters 24 26
Gasoline Displacement billion liters 16 18
% Gasoline Displaced % 3 2.5

Future Ethanol

Conversion Rate 328.5 +/- 9.1 L/ton

Ethanol Produced billion liters 33 36
Gasoline Displacement billion liters 22 24
% Gasoline Displaced % 4.2 3.5

Table 6- 1 — 2007 numbers are based on 2007 corropiuction and 2007 US gasoline consumption of
531 billion liters. The future numbers are based w2016 corn production, which is assumed to
remain constant into the future, and the EIA projeded 2025 US gasoline consumption of 700 billion
liters [20].

Both of these estimates assume that 30% of cowerstall be removed from all corn
grain producing fields. It also assumes thatredlgtover will be utilized by a cellulosic
ethanol industry, regardless of economic viabiliTshese assumptions were made to

provide an estimated maximum production scale ttoareol produce from corn stover.
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In reality, other factors such as collection cofgegstock transport distance, and
cellulosic facility costs, could reduce the actalount of stover utilized for ethanol
production. Other agricultural residues, such heat straw, can provide an opportunity
to increase this level of cellulosic ethanol praducthough alternative feedstocks also
come with their own economic and technological lelmgjes. Bioenergy crops are also
considered as sources for cellulosic biomass. Jthidy considers switchgrass as an
example of a cellulosic bioenergy crop that cawtileed for ethanol production.
Switchgrass was analyzed as it was considered amaigioenergy crop by the

Bioenergy Feedstock Development Program [21, 22].

Switchgrass Production from Agricultural Land
Switchgrass has the potential to be the first sogy crop grown specifically for

biofuels production. Switchgrass was chosen byBibenergy Feedstock Development
Program as an optimal bioenergy herbaceous crdppeiential for widespread use
throughout the United States [14, 22]. As corrirgeghanol production is known to be
limited in scale, additional feedstocks, such agchgrass, are being considered.
Bioenergy crops also provide additional feedstdbks can be grown outside the Corn
Belt decentralizing the current industry. This Icbloelp lower the cost of biofuel

distribution and minimize the need to develop ethhapecific distribution infrastructure.

This study examines the potential scale of ethpraduction from switchgrass in the US.
The scale of switchgrass production depends otygeeof land considered and the
system assumptions. Agricultural land and CRP kedwo land categories that are
analyzed for switchgrass production. When prodwredgricultural land, it is assumed
that switchgrass will be competing with the majgrieultural crops for land. As there
is currently not a market for switchgrass, a maddled POLYSYS was used to assess
switchgrass production from agricultural land basadhe net returns to the farmer and
feedstock farm gate prices. POLYSYS is an aguealtpolicy simulation model
developed by the USDA, ORNL, and the Universityfehnessee [23, 24]. POLYSYS
includes the eight major crops (corn, grain, songhoats, barley, wheat, soybeans,
cotton, and rice), and a livestock sector (beefkjdamb and mutton, broilers, turkeys,
eggs, and milk) [23, 24]. The model was modifie@lso include hay and pasture land.
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POLYSYS runs on a ten year time frame and is basdtieUSDA Agricultural
Projections to 2016 Baseline [4]he potential of switchgrass production on CRF lsn

also considered later in the chapter.

Within POLYSYS the United States is divided intdo3ricultural districts that do not
cross state lines (Figure 6-5) [23]. Switchgrassving characteristics, yields, and costs
were added to the model to determine how a biognaap could shift agricultural crop
land at various switchgrass farm gate prices [4R, Switchgrass yield is defined on a
per county level by a database called ORECCL (Ei@u6) [25]. Switchgrass is not
defined to be grown throughout the United Statdsclwis a current limitation of this
program. Switchgrass is assumed to be grown fhencéntral part of the country and
east. The county based yield is then relatedda@thicultural districts used in
POLYSYS.

The model starts by introducing switchgrass asmiow to farmers with a user defined
farm gate price. The farmer’s decision to chamgenftheir current cropping practice to
switchgrass production is based on the net retorttse farmer, which depend on farm
gate price, costs of production, and a discouetod6.5% [23, 24]. When switchgrass is
brought into production, regardless of year, thelehassumes that within the first year a
30% yield is realized, within the second year a-thiods yield is realized, and that full
yields are reach starting year three. In the mamede land is converted to switchgrass it
stays in production till the end of the ten yeardiframe that the program runs for.
Switchgrass is also assumed to only be grown athwarere irrigation is not needed. To
prevent large land shifts that would not be reialif®fOLYSYS has embedded constraints
so that food and projected export demands as defipehe USDA baseline are still met
[23, 24].
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Figure 6- 5 — Agriculture Statistics Districts, byNASS and USDA
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POLYSYS County Yield Estimates (Dry Tons/Acre)
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Figure 6- 6 ORECCL — A data base used in POLYSYS #t defines switchgrass yields by county (dry
tons/acre) [25]

For a given farm gate price, POLYSYS delivers yedrstrict specific data on the
amount of land in production for each of the crdpsijr productivity, and how their
market price changes over ten years. The ovarabuat of switchgrass produced is then
be used to determine the amount of ethanol thdddmiproduced. The amount of
biomass and thus ethanol production ultimately ddpe@n the farm gate price. As the
farm gate price increases so does land shifting tarrent agricultural practices to
switchgrass production. The maximum farm gateepisdimited by the economics of a
cellulosic ethanol facility. Therefore, the minimwand maximum expected farm gate
price is also discussed in this chapter. Givenchgrass production by districts enables
this study to also examine where geographicallyiti@al agricultural land is likely to

shift from.
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Biomass transport distance is a cost prohibitiragess that often determines the
maximum radius a facility can collect feedstockifitoTherefore, even if switchgrass is
produced it may not be utilized if it is not in dgenenough amounts. To assess this, the
biomass production within a given district is arzalg based on facilities requiring 750
dry tons/day to 5,000 dry tons/day, which is degenan facility size [16, 19, 26]. This
determines which districts have a high enough bgsntkensity to sustain at least one 750
dry ton per day facility. This type of analysi®pides some practical usability of the

biomass produced in a cellulosic ethanol facility.

Factors That Affect Switchgrass Scale of Production
The six factors that were defined that affect th#chgrass-based ethanol scale of

production are discussed below:

Land Availability — The one of the main differences between an alguial residue and

a bioenergy crop is land availability. Agriculturasidues already have predefined land
that their associated crop is growing on. A bisggperop, such as switchgrass, does not
have a preexisting industry to draw or expand frdfar a bioenergy crop to establish
itself as an option, land will have to shift frota current use to land dedicated for
biomass production. Land would also have to shiftense amounts as cellulosic
ethanol facilities would require anywhere from 59 tons/day to 5,000 dry tons/day
depending on the facility size [16, 19, 26]. Ecmmoconstraints related to biomass
transport costs limit the transport distance, dedefore a dense amount of biomass

needs to be available within a maximum radius, tiscoften sited as 50 miles [16].

This study considers switchgrass being grown batbuwrent agricultural land and on
CRP land. The potential of switchgrass on agnizaltland is determined by a program
called POLYSYS which has already been discusséxa pbtential for switchgrass to be
grown in CPR land is outlined and discussed lat¢he chapter.

Technological Feasibility— Ethanol produced from switchgrass has hurdledaig the

production chain as it is a system that currentlgsdnot exist. Within the agricultural
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sector, large amounts of switchgrass seed would tealze produced to sustain this
growing industry. That scale of production woult/é a time lag that could initially
keep the price of switchgrass seed high. Thougttlsgrass is currently grown,

cropping practices are not optimized for maximueid:i Therefore, over time crop
management practices will need to be developedwarging geographic regions. In
terms of collection, switchgrass is currently nollected. When grown as a top cover it
is often burned to maintain the roots organic matt¢he soil. During harvesting,
switchgrass would have fewer challenges than dowres as current hay cultivation
techniques can be applied. Storage is a majoleciga as a current system is not
developed. Options for storage include at thel fegther covered by a tarp or wrapped in
plastic to keep it dry, or at the ethanol facii®g, 27]. The cost and logistics of multiple
options for storage and handling are aspects afybeem that still need to be determined.

On the ethanol conversion side, advances in impgpthe yield of ethanol from
cellulosic sources needs to occur. The main avbase improvements need to be made
are increasing the efficiency and cost-effectiveradghe pretreatment process,
hydrolysis, and yeast conversion rates. The effyeof the pretreatment process
depends on the amount of cellulose and hemice#uloat was successfully separated
from the biomass and therefore available for chah@od biological treatment. There
are numerous pretreatment options; these oftemdepe the feedstock being converted.
Enzymatic hydrolysis is the application of enzyrtebreak down the cellulose and
hemicellulose into simpler fermentable sugars 43, Currently, hydrolysis and
fermentation are two different steps, though redesar trying to combine these two
processes into one known as simultaneous sacdadiof and fermentation (SSF) [13,
14]. In SSF the microbes are placed in one vesaging this a one step process of sugar
production and fermentation [13, 14]. NREL has digped a microorganism that more
effectively converts cellulosic material to biomégsbeing able to simultaneously
convert both five and six carbon sugars to ethfiis]l The disadvantage of SSF is that
both these steps are operating at the same namalmtonditions, which lowers the

overall ethanol yield [14]. To improve cellulogithanol yields research is needed to
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improve the efficiency of yeast and reduce the tatedes of converting both five and six

carbon sugars to ethanol.

Economic Viability — The economic viability of cellulosic ethanol degsron both the
delivered feedstock costs and ethanol conversidhtfaeconomics. The minimum
feedstock price is determined by the net returiieeédarmer while the maximum price is
determined by the cellulosic ethanol facilitiesmmmics. The difference between
switchgrass and corn stover is that income eanmed $witchgrass production would be
farmer’s sole income while income from selling cstaver is an additional economic
stream. Therefore, the net return to the farmpedds on the agricultural cost of
production and the farm gate price. If the netmretuo the farmer are greater growing
switchgrass than their current crop, the farmer swiitch production. The details of the
actual minimum and maximum farm gate prices fotdvgrass are discussed later in the
chapter. Estimates for the cost of a cellulogi@ebl conversion facility are in Figure 6-

4 and were outlined earlier in this chapter.

Development and Synergy of Industries- Ethanol produced form switchgrass would
need an entire industry to be developed and opgithii not collocated within the Corn
Belt. As corn grains are a high priced commoditypgit is unlikely that switchgrass
production at reasonable farm gate prices wouldl@i® corn acreage. Therefore,
bioenergy acreage will be elsewhere in the UnitiadeS where ethanol conversion and
distribution networks will need to be establishddhis creates a greater challenge as
there are a variety of stakeholders with varyisgsiand production timelines. A
“chicken or the egg” scenario may develop as fasman’'t produce switchgrass without
a guaranteed market, and a cellulosic ethanolitigwiill not break ground unless a
guaranteed feedstock will be available for a lamgth of time. This is where the role of

policy may be needed to provide a safety net tgthgers involved.
Policy —The policies that were described within the ca@rgand corn stover section

are applicable to ethanol produced by switchgrégiditional policies in the future may

be needed to promote incentives to farmers toitrandgrom traditional agricultural
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crops to bioenergy crops. Incentives may alsodseled for cellulosic ethanol producers
to build facilities in geographic areas that aedlitionally not ethanol producing regions
and/or where there is limited feedstock availahilit

Environmental Impact — Switchgrass has numerous environmental beneétsitbre
described in detail in Chapter 4. Currently, shgg@ss is planted on degraded
agricultural land, know as CRP land, to revitalize soil and minimize soil erosion.
Introducing switchgrass as an agricultural crop mseat land changes within the
agricultural sector will occur. Crops dedicateddgample to pasture, hay, cotton,
wheat, corn all have the potential to shift intatslagrass production. For traditional
agricultural crops, shifting land into switchgrgssduction is expected to have a positive
impact as current switchgrass farming practicesem®damaging. Moving hay into
switchgrass production would cause minimal envirental changes as farming practices
for both those crops are similar. As switchgrasglypecomes an economic driver,
farmer’s crop management practices will most likedtange to optimize biomass
production. These practices may include incredseitizer application rates and
irrigation each of which increase the overall systeenergy consumption and GHG
emissions. These changes in crop practices cahpally also increase nitrification

and further affect ground water levels. Policy hayneeded to minimize these impacts.

Scale of Switchgrass-Based Ethanol from Agricultura | Land
POLYSYS was the modeled used to determine the s€g@iduction of switchgrass at

different farm gate prices. Multiple scenarios asdumptions were assessed to
determine which parameters increased the ovemadlyation of ethanol. A range of farm
gate prices was first used to establish the amoiugtthanol that could be produced.
Afterwards, farmer and facility costs were usedgbmate a likely farm gate range. This
narrowed the potential range of ethanol productidhe general scenarios considered
are:

Current Switchgrass Yields at Varying Farm Gate Prces —This scenario represents
POLYSYS being run with no time lag in switchgrasgaduction. Meaning in year 1 if

the net returns to the farmer are positive, switabg seed is available and the planting of
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switchgrass starts. Once planted, the model asstutigiields will be reached in year 3.
Switchgrass production is reported as the farm gate increases in varying increments
from $20/dry ton to $100/dry ton. POLYSYS alsopdes results for which cropland
has shifted and from what regions. The amountlwrel produced is determined by
both today’s demonstrated cellulosic ethanol casiverrates (238L/dry ton) and future

conversion estimates (328L/dry ton).

Doubling Switchgrass Yields at Varying Farm Gate Pices —If switchgrass was
utilized as an energy crop, there would be an emonncentive to increase crop yield.
This scenario assesses the potential for switchgnaxluction if the biomass yields were
double from what they were initially defined asORECCL. By doubling the biomass
yields you also increase the net returns to thedarcausing more land to shift into
production. The yields currently assumed withia thodel are yields that have been
seen on test plots and in some cases extrapotategtidr regions. To date, research
based on test plots has attempted to maximizeysedg by focusing on crop
management practices and location. In the fufyeretic engineering, as it did in other

crops such as corn, will play a much larger rolegreasing switchgrass yields.

Facility Capacity Constraints —This is an assumption applied to the two switchgra
scenarios described above. PLOYSYS gives the aotalunt of switchgrass produced for
each of the 305 agricultural districts. Initialliyjs assumed that all of this biomass will
be utilized for ethanol production. In reality, grthe biomass produced in high densities
can be utilized due to high biomass transport coblterefore, biomass requirements of a
750 dry tons/day to 5,000 dry tons/day facilityrevassumed to determine which
geographic locations produced enough biomass toeostip facility. The biomass
produced in each district was evaluated to detexminat size a facility a district could
support, assuming biomass did not cross distnesli Ethanol production at today’s and
future conversion rates were then applied to tkat reduced amount of biomass. A
limitation of this portion of the analysis is tHabmass could be transported from
adjacent districts to cellulosic facilities, thoufgi this analysis that was not able to be

145



incorporated. Additionally, a district could bedar than 50 miles which could still be
cost prohibiting depending on the location of tienfass within the district [16].

Scenario 1: Current Switchgrass Yields at Varyiagn Gate Prices

Table 6-2 describes the amount of land that woaldtbfted into switchgrass production,
the average switchgrass yield, and the total amoluswitchgrass produced in the year
2016 at varying farm gate prices. Added to thislysis is the biomass loss due to
harvesting, storage, and drying. During the hamg®nd storage process there is an
estimated 5% loss in biomass [28]. There is amdi®eloss in biomass as switchgrass
dries from when it's harvested till its use [28]he “actual available switchgrass” values
included both of these biomass losses. It is thiekees that are then used to estimate the
amount of potential ethanol production.

Farm Gate
: $/dry ton 20 30 35 40 45 50 60 100
Price
million
Land Use 0 9.1 11.6 12.7 16.2 20.4 255 40.4
acres
Average dry
_ 0 4.5 4.25 4.2 4 3.8 3.7 3.7
Yield tons/acre
Switchgrass million dry
) 0 41 49.33 53 65 77 94 149
Production tons
Actual -
) million dry
Available . 0 37 445 48 59 70 85 134
ons
Switchgrass

Table6- 2 Switchgrass land use, average yield, atatal production at various farm gate prices in the

year 2016. This only considers switchgrass growmaurrent agricultural land

From the given amount of switchgrass that is prediand available at difference farm
gate prices, one can determine the amount of etlppoduced from the shifting of
agricultural land. As cellulosic ethanol is nobguced on a commercial scale two
conversion rates are applied 1) a laboratory detratesl conversion rate of 65%
(238L/dry ton), and 2) a future projected conversiate of 90% (328.5L/dry ton) [19].

Results from the Monte Carlo life-cycle assessmépellulosic ethanol from
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switchgrass described in Chapter 4 were then appieletermine the petroleum
displacement and GHG abatement potential at thed & switchgrass ethanol
production (Table 6-3).
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Farm Gate
Bri $/dry ton 20 30 35 40 45 50 60 100
rice

Ethanol Conversion Rate
238 +/- 6.4 L/ton

(65%)
Ethanol o
) billion liters 0 9 11 11 14 17 20 32
Production
GHG total billion
o 933 1,123 1,207 1,480 1,753 2,140 3,392
Emissions gCO2
% GHG
. % 0.0% -0.8% -1.0% -1.0% -1.3% -1.5% -1.9% -2.9%
Reduction
Gasoline o
) billion liters 0 6 7 8 9 11 14 22
Displacement
% Gasoline
% 0.0% 09% 10% 1.1% 14% 16% 2.0% 3.1%

Displacement

Farm Gate
Bn $/dry ton 20 30 35 40 45 50 60 100
rice

Ethanol Conversion Rate
328.5 +/- 9.1 L/ton

(90%)
Ethanol o
) billion liters 0 12 15 16 19 23 28 44
Production
GHG total billion
o 1,288 1,550 1,666 2,043 2,420 2,954 4,682
Emissions gCO2
% GHG
. % 0.0% -1.1% -1.3% -14% -1.8% -2.1% -2.6% -4.1%
Reduction
Gasoline o
. billion liters 0 8 10 11 13 16 19 30
Displacement
% Gasoline
% 0.0% 1.2% 14% 15% 19% 22% 2.7% 4.3%

Displacement

Current Corn Ethanol = 18 Billion Liters

Estimate Max Corn Ethanol = 65-75 Billion Liters

Table 6- 3 Switchgrass Ethanol Production, GHG Emgsions, and Petroleum Displacement at
Various Farm Gate Prices in the Year 2016. Gasolsmand GHG reductions are based on 2025 EIA

projected US gasoline consumption rate of 700 bitin liters per year [29]
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At demonstrated ethanol conversion rates a ran§elgfbillion liters of cellulosic

ethanol can be produced. This would have the patef displacing 0.9%-2% of
gasoline consumption and vehicle GHG emissionghdrfuture, if ethanol conversion
rates increased, ethanol produced from switchgraslel increase to 12-23 billion liters.
At this production level, 1.2%-2.7% of gasoline &idG emissions could be displaced.
To narrow the range that the scale of productioetidnol from switchgrass can attain, a
minimum and maximum farm gate price is estimatezbtiaon the farmer’s and ethanol

facilities costs of production.

To create an incentive for farmers to switch frorovgng their current agricultural crop

to a bioenergy crop such as switchgrass a mininarm fate price is needed. This
minimum farm gate price is dependent on the netrmstto the farmer. Net returns
depend on the variable costs of production andsanraed discount rate. The variable
cost of production for switchgrass is defined facte state ($/acre), and is also defined by
agricultural district when switchgrass yield isangorated ($/ton). The averagariable
cost of production for switchgrass as defined by.POYS is $93/acre or $19/dry ton

[16]. The variable cost of production does notude land rents ($75/acre for cropland
and $50/acre for grasslands) [30]. The costs d®lseed, lime, nitrogen, phosphorus,
potassium, herbicide, insecticide, repairs, opegaititerest, fuel, lube, depreciation,

interest, insurance, taxes, housing, labor, angelséing [23, 24].

From Table 6-3 at a farm gate price of $20/dry tumagricultural land is shifted, which
should be expected as switchgrass is defined inYSJYIS to have a variable cost
averaging $19/dry ton. As the farm gate pricegnses above $30/dry ton, the net
returns for switchgrass increase and land begishitbinto switchgrass production. As
farm gate prices increase further, greater quastaf land begin to shift. This trend
continues even up to $100/dry as there is no lgifirice assumption. Meaning, if the
system was only based on net returns to the fammane farmers would shift as farm
gate prices increase. What caps a feedstocksdatenprice is the price a purchaser is

willing to pay. Therefore, in this case the expdamnaximum farm gate price is
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determined by the cost of production of a celluleenol facility and the ethanol market
price. A cellulosic ethanol facilities profits allefined as:

Profit = Revenue- Cost
= (MarketPriceof Ethano)(EthanolConversiorRate

— (Facility Costst Biomas<Costs+ Biomasg ransport& HandlingCost9
Equation 6- 1

Therefore, to determine the maximum farm gate pyfcawitchgrass this study considers
today’s expected values for the estimated costadyrction and ethanol conversion rates
[16].

Current Cellulosic Ethanol Facility Costs of Produc tion
During 2006 ethanol’'s market price was $0.58-$Q §%2.20-$2.30/gallon). In October

of 2007, the price of ethanol begun to drop duedoeased production creating an
imbalance of supply and demand in the market. $tiplus is partly due to the
saturation of local markets and the bottleneckfrastructure to transport the fuel to
further coastal markets. Some see this as a srontproblem while others are looking
for a longer-term solution such as retrofitted g pipelines or creating a new ethanol
pipeline infrastructure. Currently, ethanol’s metrgrice is averaging $0.42/L ($1.6/gal).
For this analysis a market price of $0.61/L ($2a8/@vas assumed. For cellulosic
ethanol to be cost competitive it needs to be exdead within a wide range of ethanol
market prices as they can be volatile at times.i#atwlly, the feedstock price has a
large impact on the facilities long-term financalccess, as does the cellulosic
conversion efficiency. At the laboratory scale NRtas demonstrated a cellulosic
conversion rate of 65% or 238 L/dry ton (63 galtg/ton) [19]. While at larger scales
this efficiency would initially decrease, for thagsalysis, the current conversion rate for a
large scale cellulosic facility is assumed to b8L28ry ton (63gal/dry ton) [19].
Estimated current cost of production for a celliddacility before feedstock purchase
and transport/handling is $0.42/L ($1.60/gal) or $100/dry ton (Figure 6F46]. Using

these inputs equation 6-1 becomes:
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Profit = ($0.61/liter)*(238L/dry ton) — ($100/drpt + Biomass Costs + Biomass
Transport & Handling)
= $145/dry ton - ($100/dry ton + Biomasss€ + Biomass Transport & Handling)

= $45/dry ton — (Biomass Costs + Biomasn$port & Handling)
Therefore, to break even a facility can not afftarghay more than approximately $45-
$50/dry ton as a delivered biomass cost (BiomasisCoBiomass Transport &
Handling). Transport and handling costs have lestimated at 8 cents per dry ton mile
and $4/dry ton, respectively [26, 31]. Therefaedn assumed 50 mile radius, transport
and handling costs are $8/dry ton [16, 26, 31, J2jis results in a maximum feedstock
price of $42/dry ton, using today’s economic estesa If a conversion rate of 90% or
328.5 L/dry ton (87 gallon/dry ton) is assumeds thiould result in a maximum farm gate
price of $100/dry ton. At today’s lower ethanolnket costs of $0.42/L the facility

wouldn’t be profitable at any farm gate price.

At a farm gate price between $35-$45/dry tons, 5@n@lion tons of switchgrass is
produced, though 45-70 million tons is actuallyikalde after harvesting, storage, and
drying losses (Table 6-3). At this level of swigicass production 9-14 billion liters of
ethanol could be produced, displacing 1%-1.5% eblijiae consumption today (Table 6-
3). At this level of production, 11-16 million asref agricultural cropland would have
shifted to switchgrass production (Table 6-2). ghestion than becomes, which crops
shift out of production? Given the information BQLYSYS, this study was able to
determine which agricultural crops shifted into telwgrass production. This shift is

limited by the following constraints:

Land is shifted based on net returns to the faffacre)

Once land is shifted to switchgrass productiostals in biomass production
POLYSYS is based on théSDA Agricultural Projections to 2016 Baseline
Hay demands as reported by the USDA baseline neusted.

a w0 nh e

Pasture land is available per district to replaag land that may shift out of

production to keep the hay demands met
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6. Additional pasture land can also be brought intmdpction for any crop
including switchgrass
7. Switchgrass can only be grown on lands where itingas not needed
Figure 6-7 is a map showing where switchgrass priiatu at a farm gate price of
$45/dry ton would be and in what amounts. Switakgiproduction is generally located
in the southern part of the Untied States. Then@mit region is mainly not accessible to
switchgrass at these farm gate prices as cornighsrmet returns, being a high

commodity crop.

Total Switchgrass Production At $45/dry ton Farm Gate Price
65 Million Dry Tons
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Figure 6- 7 — Total Switchgrass Production at a Fan Gate Price of $45/dry ton

Evaluating which agricultural land shifted to swigrass production was analyzed for the
top switchgrass producing districts and state€6 @0switchgrass production mainly
comes from 9 states (Tennessee, Missouri, OklahAfabama, Arkansas, Louisiana,

Mississippi, Kentucky, and Texas). Table 6-4 digplthe shift in acreage for each
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agricultural crop from the baseline defined in 2892012 and to 2016 levels. Table 6-5
presents the same information but as a percengelfamm the 2007 baseline. Initially,
land dedicated to the production of hay first shifito switchgrass production. This is
because hay has similar production costs and hehee Pasture land is then brought
into hay production to meet the USDA 2016 basgpiregections for required hay
production. In some cases pasture land is alsaghtanto production for additional

switchgrass production.

$35/dry ton $45/dry ton
2007
Crop . 2012 2016 2012 2016
Baseline
million acres
Corn 86 90.02 90.03 90.02 90.03
Grain
6 5.79 5.54 5.77 55

Sorghum
Oats 4.1 4.14 4.14 4.13 4,11
Barley 3.5 3.51 3.48 3.51 3.47
Wheat 60 58.72 58.87 58.39 57.62
Soybeans 71 69.7 69.74 69.46 68.72
Cotton 13.7 13.31 12.59 13.21 12.39
Rice 3.1 2.89 3.18 2.89 3.05
Hay 60.6 71.58 72.95 72.17 73.37
Pasture 56.2 39.5 31.3 38 28.9
Switchgrass 0 4.64 11.6 6.18 16.24

Total land
364.2 363.8 363.42 363.73 363.4

Area

Table 6- 4 Total crop, pasture, and switchgrass aeage at farm gate prices of $35/dry ton and
$45/dry ton
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$35/dry ton $45/dry ton
Crop 2012 2016 2012 2016
% Change From Baseline
Corn 0.02% 0.03% 0.02% 0.03%
Grain
1.58% 0.73% 1.23% 0.00%
Sorghum
Oats 0.98% 0.98% 0.73% 0.24%
Barley 0.29% -0.57% 0.29% -0.86%
Wheat 0.38% 0.63% -0.19% -1.50%
Soybeans 1.01% 1.37% 0.67% -0.12%
Cotton -2.85% -8.77% -3.58%  -10.22%
Rice -5.86% 2.91% -5.86% -1.29%
Hay 17.34% 20.78% 18.31%  21.47%
Pasture 29.72%  -44.31% ) -48.58%
32.38%
Total land
-0.27% -0.13% -0.29% -0.13%
Area

Table 6- 5 Percent of land use changes from the k@ime for 2012, and 2016 with switchgrass at a

farm gate price of $35/dry ton and $45/dry ton

Land dedicated to cotton, is the first agricultumap whose acreage decreases. The
cotton industry is centered in the South on larad tias been sited to have the potential of
growing highly productive grasses such as switctgyrddy 2016 cotton acreage has
decreased between 8-10% depending on switchgnasgytte price. In some districts
land is also shifted from wheat and soybean praoluictAt this price level, corn acreage
would not shift into switchgrass production.

Thus far, it has been assumed that all the swigdsgoroduced can be utilized for ethanol
production, providing a theoretical maximum. lagice though, the location and
biomass density of a region as well as the bioegjisize limit the actual amount of

produced biomass that can be utilized for etharadyction. Reports evaluating the
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technological and economic feasibility of cellumsthanol facilities have assumed a
range of potential facility capacities. In a méjpof studies, a facility capacity of 2,000
dry tons/day and 1,000 dry tons/day are often asdf6, 26]. A facility capacity of
750 dry tons/day is also considered, as this satled current capacity of the new pilot
scale cellulosic facility that POET is buildingdonvert barn and corn cobs into ethanol
[17]. The biomass produced in each district wasuawtad to determine what size a
facility a district could support; assuming biomadss not cross district lines. A
limitation of this portion of the analysis is tHabmass could be transported between
adjacent districts to nearby cellulosic facilitidgspugh for this analysis that was not
incorporated.

Table 6-6 describes the amount of utilized switakgrand ethanol produced for different
biorefinery capacity sizes at two different farmegprices, $35/dry ton and $45/dry ton.
The number of districts that produce enough swit@bgto support at least one
biorefinery ranges from 20 to 79 districts depegdn farm gate price and facility
capacity. For both farm gate prices, and a fgatiépacity of 750 dry tons/day, there was
a maximum facility density of 5 facilities in a gin agricultural district.

Farm N Number Number | % of Utilized
Facility )
Gate ) of of SWG Ethanol Production
) Capacity L o ]
Price Facilities | Districts Production
dry L
$/dry ton % Billion Liters in 2016
tons/day
238 328
liters/dry ton liters/dry ton
35 2,000 21 20 44% 5 7
35 1,000 81 53 76% 9 12
35 750 120 66 84% 10 14
45 2,000 31 28 50% 8 11
45 1,000 108 63 76% 12 16
45 750 162 79 83% 13 18

Table 6- 6 Cellulosic ethanol facility density, utized switchgrass production, and expected ethanol

production
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From Table 6-6, the amount of ethanol producedB&tdy ton and $45/dry drops from
12 and 15 billion liters, to a maximum of 9.8 ari9lbillion liters respectively at today’s
ethanol conversion rates. In the future it de@edom 16 and 21 billion liters to 13.5
and 17.7 billion liters.

While the smallest facility of 750 dry tons/day nraizes ethanol production, economies
of scale still prove that larger ethanol facilitee® more profitable. Itis also possible to
have a combination of facility capacity dependimgotomass availability and project
economics. These estimates are solely basededstteek availability and density within
a district to provide an approximation for the amioof biomass that is actually utilized
for ethanol production. The actual number of faes and their location will still depend

on a wide range of logistical and economic factors.

Figure 6-8 graphically displays which districts wdand would not produce enough
switchgrass to support at a minimum a 750 dry taypfdcility. The yellow districts are
the districts whose switchgrass production is bettue capacity and therefore not
utilized. The majority of these districts are lre tNorthern Central states, as minimal
amounts of land shifted into switchgrass productiba farm gate price of $45/dry ton.
Assuming a minimum biomass requirement, decre&gearhount of available

switchgrass to 54 million tons, or by 17%.

156



Utilized Switchgrass Production Districts Based On Facility Capacity
65 54 Million Dry Tons

Yellow--Switchgrass Not Utilized
Green—Switchgrass Utilized

B

M 1% 13 Billion Liters (n= 67%) i
200 100 0 200 Miles 21 18 Billion Liters (n= 90%) ¢ I
O — Y

Figure 6- 8 — Utilized switchgrass production basedn cellulosic ethanol facility capacity

Scenario 2: Doubling Switchgrass Yield at VaryiragiR Gate Prices

Currently, switchgrass is planted on degraded tané-stabilize soil nutrients and
prevent wind and water erosion. It is often pldme CRP land, pasture land, and along
rivers to prevent nitrification. The use of swigchss has generally had an environmental
focus, and therefore maximizing the yield has restrba main driver. That could change
if switchgrass was utilized as an energy crophasstwould be an economic incentive to
increase crop yield. To date, research maximiznog yield has focused on crop
management practices and location. In the futyeretic engineering, as it did in other
crops such as corn, will play a much larger ral@is scenario analyses the affects that
doubling current switchgrass yields on biomassethdnol production.

Originally, switchgrass yields were defined by ORHGon a per county basis and range

from 0-6 tons per acre [23]. For this scenariyas assumed that the average yield per
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county would double to 6-12 tons per acre. Tablerépresents the amount of
switchgrass acreage and production at varying tgata prices in the year 2016 for this
double yield scenario. The “actual utilized swgcdiss” again represents the total

amount of available switchgrass once the harvessiogage, and drying loss are

included.
Farm Gate
: $/dry ton 20 30 35 40 45 50 60
Price
million
Land Use 26 39 41 42 43 44 46
acres
Average dry
] 11.0 11.1 11.1 11.3 11.2 11.0 10.6
Yield tons/acre

Switchgrass million dry
281 427 458 473 478 484 493

Production tons
Actual -
N million dry
Utilized 254 385 413 427 431 437 445
tons
Switchgrass

Table 6- 7 Double switchgrass yield scenario: landgise, average, yield, and production at various

farm gate prices in the year 2016.

The biomass produced at $35 and $45 per dry torased, 10 and 5 fold respectively.
The biomass produced does not just double singeaueage shifting to switchgrass
production depends on the net returns to the fasméradditional land constraints on the
system that were already defined. In this scenatia farm gate price of $20 per dry ton,
26 million acres of cropland were shifted to swiidss production. This produces 281
million dry tons of switchgrass rather than zerd¢ha original switchgrass scenario as
presented in Table 6-2. Crop land shifts at a tdaen gate price because the cost per
dry ton to the farmer is lower if the yield increaswvhile farming variable costs remain
constant. Assuming an average yield of 7.5 drg fwar acre results in a farmer variable
cost of $12.4/dry ton, lowering the minimum switchgs production farm gate price by
35%. This is possible, through improved crop mansege practices and as

improvements in switchgrass seed through genegimearing become available. The
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farming variable cost may initially be higher astshwgrass seed availability may be
limited due to a production time lag as switchgrsessd is not currently produced on this
scale. Though over time, as the production ine@gased prices would be expected to
decrease lowering the farming variable productiost.c

As biomass production from switchgrass increasekas ethanol production and
gasoline and GHG displacement. Table 6-8 dispglagsmount of ethanol produced at
current and future ethanol conversion rates. Eanahstrated conversion rates, ethanol
produced at $35 and $45 per dry ton increasesd9 fioth the potential to displace 40-70
billion liters of petroleum, or 9% of petroleum gmption. At this scale, ethanol can

also displace 9% of vehicle transportation GHG siaiss.
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Farm Gate $/dry
: 30 35 40 45 50 60
Price ton
Ethanol Conversion Rate
238 +/- 6.4 L/ton
(65%)
Ethanol billion
) 92 98 102 103 104 106
Production liters
total
GHG -
o billion 6,398 9,722 10,428 10,769 10,883 11,020 11,225
Emissions
gCo2
% GHG
) % -5.5% -8.4% -9.0% -9.3% -9.4% -9.6% -9.7%
Reduction
Gasoline billion
) 41 62 67 69 70 71 72
Displacement liters
% Gasoline
) % 5.9% 8.9% 9.6% 9.9% 10.0% 10.1% 10.3%
Displacement
Farm Gate $/dry
: 20 30 35 40 45 50 60
Price ton
Ethanol Conversion Rate
328.5 +/- 9.1 L/ton
(90%)
Ethanol billion
) 127 136 140 142 143 146
Production liters
total
GHG -
o billion 8,831 13,419 14,393 14,864 15,022 15,210 15,493
Emissions
gCo2
% GHG
) % 7.7% -11.6% -125% -12.9% -13.0% -13.2% -13.4%
Reduction
Gasoline billion
) 57 86 92 95 96 98 99
Displacement liters
% Gasoline
) % 8.1% 12.3% 13.2% 13.6% 13.8% 13.9% 14.2%
Displacement

Current Corn Ethanol = 18 Billion Liters

Estimate Max Corn Ethanol = 65-75 Billion Liters

Table 6- 8 Double switchgrass yield scenario: ethahproduction, GHG emissions, and petroleum
displacement at various farm gate prices in the ye2016. Gasoline and GHG reductions are based

on 2025 EIA projected US gasoline consumption ratef 700 billion liters per year [29]
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In the future along with switchgrass yields inciegsthe conversion of bioethanol can
potentially increase as well. In this future seema3-145 billion liters of ethanol can be

produced, potentially displacing 14% of gasolinestonption and 13% of vehicle GHG

emissions.

The majority of land is shifting out of pasture antb crop production. Meeting hay

demands is a constraint of POLYSYS, and therefastupe land is utilized to meet this

requirement as hay producing land is shifted ta@dwrass and other crops. Pasture,

hay, and cotton acreage are where the major laftd shswitchgrass production are
occurring (Table 6-9 and Table 6-10).

$35/dry ton $45/dry ton
Crop 2007 2012 2016 2007 2012 2016
million acres
Corn 86 89.35 85.54 86 89.32 84.53
Grain
Sorghum 6 5.58 5.07 ° 5.57 4.99
Oats 4.1 4.03 3.85 4.1 4.03 3.84
Barley 3.5 3.44 3.27 3.5 3.44 3.26
Wheat 60 56.62 51.13 60 56.47 50.79
Soybeans 71 65.8 60.94 71 65.84 60.9
Cotton 13.7 12.75 11.26 13.7 12.75 11.26
Rice 3.1 2.8 3 3.1 2.8 291
Hay 60.6 72.75 73.54 60.6 72.75 73.98
Pasture 56.2 36.2 24.6 56.2 36.2 24
Switchgrass 0 14.44 41.05 0 14.6 42.83
Total land
Area 364.2 363.76 363.25 364.2 363.77 363.29

Table 6- 9 — Double switchgrass yield scenario: taltcrop, pasture, and switchgrass acreage at farm

gate prices of $35/dry ton and $45/dry ton for doule switchgrass yield scenario
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$35/dry ton $45/dry ton
Crop 2012 2016 2012 2016
% Change From Baseline
Corn -0.7% -5.0% -0.8% -6.1%
Grain
Sorghum -2.1% -7.8% -2.3% -9.3%
Oats -1.7% -6.1% -1.7% -6.3%
Barley -1.7% -6.6% -1.7% -6.9%
Wheat -3.2% -12.6% -3.5% -13.2%
Soybeans -4.6% -11.4% -4.6% -11.5%
Cotton -6.9% -18.4% -6.9% -18.4%
Rice -8.8% -2.9% -8.8% -5.8%
Hay 19.3% 21.8% 19.3% 22.5%
Pasture -35.6% -56.2% -35.6% -57.3%
Total land
Area -0.3% -0.2% -0.3% -0.2%

Table 6- 10 Double Yield Scenario - Percent of Landse changes from the baseline for 2012, and
2016 with switchgrass at a farm gate price of $35/g ton and $45/dry ton

The facility capacities analyzed for this scenaiie 5,000, 2,000, and 1,000 dry tons per
day at a farm gate price of $35 and $45 per dry teor this scenario 74%-98% of the
biomass produced can be utilized for ethanol prodai¢Table 6-11). Currently there
are 122 corn ethanol plants and an additional @uoonstruction [6]. lowa has the
largest number of ethanol facilities with 27 cothamol plants and 30 under construction
and planning [6]. At $35/dry ton lllinois would Y& fifteen 5,000 capacity facilities, the
greatest number per state. Missouri and Kansdsweauld have 13 and 10 facilities at
the same size. These estimates are solely badeegdstock availability and density.
The actual number of facilities and their locatstii depend on a wide range of

logistical and economic factors.
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% of

Farm Gate Facility Number of  Number of » .
: : " . Utilized Ethanol Production
Price Capacity Facilities Districts
SWG
dry I
$/dry ton Number Number % billion liters in 2016
tons/day
238 liters/dry | 328 liters/dry
ton ton
35 5,000 140 103 74% 80.40 110.80
35 2,000 513 181 95% 103.26 142.31
35 1,000 1,134 210 98% 107.18 147.71
45 5,000 145 105 74% 84.36 116.26
45 2,000 540 189 95% 108.97 150.18
45 1,000 1,193 215 98% 112.33 154.81

Table 6- 11 - Cellulosic Ethanol facility DensityUtilized Switchgrass Production, and Expected
Ethanol Production when Switchgrass Yield is doublé

Potential of Conservation Reserve Program (CRP) Land for
Switchgrass Production
Studies often site the potential of growing swit@ss on degraded agricultural land

within the Conservation Reserve Program (CRP). GIR& has the advantage of not

directly competing with current agricultural lanadathus food production. Currently,

there is 36 million acres enrolled in CRP [1]. Has enrolled within 3 potential areas

within CRP; general sign-up, continuous sign-um fammable wetlands [1]. Table 6-12

shows the break down of CRP land by each of thessesa

Land Within the Conservation
Reserve Program

Sign-Up Type Acres
General 32,449,279
Continuous 3,400,233
Farmable Wetlands 153,788
Total 36,003,300

Table 6- 12 — CRP Land by Sign-up Category [1]
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Definition of CRP Sign-up Cateqgorieg1]
General —Landowners and operators apply for acceptancallasan environmental
benefits index (EBI) during specific enrollment ipels.

Continuous —Landowners and operators may enroll certain hrghripy conservation
practices and/or to address specific environmefi@ctives.

Farmable Wetlands —Landowners and operators can apply to enroll snwadiflood
plain wetlands

This analysis does not consider utilizing land dadbin the continuous and farmable
wetland sign-up category for switchgrass productisithe environmental reasons for
CRP enrollment are too grave. This analysis camsithree different scenarios for

utilizing general sign-up CRP land for switchgrpssduction.

» Switchgrass Production Based on General Sign-Up This considers growing

switchgrass on all of the land within the geneighsip category. Ethanol production

is calculated based on switchgrass biomass yiefg®senting current potential yields

of 3 dry tons/acre and future potential yields afrg tons per acre.

» Switchgrass Production Based On Erodibility Index EI) — Often land is enrolled
within CRP for erosion control purposes. Switclsgradue to its large rooting
system, is a crop that is often used to decreasgoer. Therefore, this scenario
considers switchgrass production on land enrollghimnvgeneral sign-ups with an El
between 1 and 8, and a El between 1 and 15 [14d tlzat is enrolled with an EI
greater than 15 should not be used for crop praaludiue to the environmental
damage that can be caused. For an El between dragirt, 2.7 million acres are
available for switchgrass production. For an BiMeen eight and fifteen, 361,102

acres are potentially available for switchgrassipobion.

» Switchgrass Production Based On Conservation Prace— Land is enrolled
within in CRP based on 33 conservation practicegmies. This scenario
determines the approximate amount of CRP landcdmabe utilized for switchgrass

production based on these conservation practiegoaes within the general sign-
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ups. Conservation categories considered appli¢aldwitching to switchgrass
production are labeled as “grasses”. Land thaaiegorized as trees, wetlands,
buffers, and erosion control are not included. sTesults in 25 million acres that

could potentially be used for switchgrass produrcii.

Table 6-13 and Figure 6-9 describe the amountefahd available for switchgrass
production, the amount of switchgrass that coulgoeluced at 3 and 6 dry tons per
acre, and the amount of ethanol that could be pedlat 238 and 328 liters per dry ton.

Switchgrass Production Based One General Sign-up

General Sign-Up Acres 32,449,279
Today Future
Average Switchgrass dry 3 6
Yield ton/acre
Switchgrass Production 97,347,837 194,695,674
EthanoI_C_onverS|0n liter/dry ton 238 328
Efficiency
Ethanol Produced billion liters 23 64

Switchgrass Production Based On Erodibility Index El)

1<EI<8
General Sign-Up Acres 2,765,575
Today Future
Average switchgrass dry 3 6
Yield ton/acre

Switchgrass Production dry tons 8,296,725 16,593,450

Ethanol Conversion

Efficiency liter/dry ton 238 328
Ethanol Produced billion liters 2 5
8<EI<15
General Sign-Up Acres 361,102
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Today Future

Average Switchgrass dry

Yield ton/acre 3 6
Switchgrass Production dry tons 1,083,306 2,166,612

Ethanol Conversion

Efficiency liter/dry ton 238 328

Ethanol Produced billion liters 0.25 0.70

Switchgrass Production Based On Conservation Prace

General Sign-Up Acres 25,187,585
Today Future
Average Switchgrass dry 3 6
Yield ton/acre

Switchgrass Production dry tons 75,562,755 151,125,510

Ethanol Conversion

Efficiency liter/dry ton 238 328

Ethanol Produced billion liters 18 50

Table 6-13 — Summary of switchgrass and ethanol pduction for each of the three CRP scenarios
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Figure 6- 9 — Switchgrass-based ethanol productidinom switchgrass grown in CRP land for three
different scenarios

Though switchgrass on CRP land has the potentadduce up to 64 billion liters of
ethanol, there are still hurdles. For example, Gi is spread out throughout the
United States (Figure 6-10). This could presetttalenge switchgrass grown on CRP
land, as a dense amount of switchgrass would b#edesithin a given radius to a
cellulosic ethanol facility. Additionally, the emgnmental reasons for land being
enrolled in CRP may lower the productivity of swiggass production and potentially
increase its cost of production. Therefore, wliRP land has the potential for

producing switchgrass, there are still many chgisnthat need to be addressed.
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Total Active County CRP Acreage

As of February 28, 2003

ALY [ State Boundaries
County Boundaries
0.1-500

500 - 1,000

| 1.000 - 5,000
5,000 - 10,000

[ 10,000 - 25,000

Figure 6- 10 — Total US CRP Acreage

Biomass-Based Ethanol Scale Comparison
This analysis was performed to discuss the potesttae of production of ethanol. Table

6-14 and Figure 6-11 summarizes the productioresziaéthanol from corn grains, corn
stover, and switchgrass. Future corn grain ethpromuction is expected to consume
30% of the corn grain market and plateau betweesn®768 billion liters. The potential
for this industry to expand beyond this level i@ las corn grains are utilized throughout
the food industry and are a large part of the exparket. As corn stover is dependent
on corn grain production, its scale is inherentlyited as well. The potential scale of
production of corn stover ethanol is between 24ilion liters. This amount depends
on the stover removal rate, which for this studgssumed to be 30%. Ethanol
production could grow if the average rate of cdover removal increased, though is
may have other environmental impacts. Switchgpasduced on agricultural land has
the potential of producing 9-20 billion liters dhanol depending on conversion rate and

farm gate price (Figure 6-11). In the futuresibssumed that switchgrass yields could
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double, resulting in the production of 60-145 bitliliters of ethanol depending on the

cellulosic ethanol conversion rate and farm gaieep(iFigure 6-11).

Ethanol Scale of Production From Various Biomass So urces

Today (2006) Future (2025)
) billion
Corn Grain 18 57 to 68

liters

Cellulosic Ethanol
i 238L/dry ton  328L/dry ton | 238L/dry ton 328L/dry ton
Conversion Rate

billion
Corn Stover _ 24 33 26 36
liters
Switchgrass billion
. 9to 14 12 to 20 60 to 100 85 to 145
(agriculture) liters
Switchgrass billion
. 0.25t0 23 0.35t0 32 0.5to 36 0.7 to 64
(CRP) liters

Table 6- 14 — Summary of ethanol production from cm grains, corn stover, and switchgrass grown

on agricultural and CRP land

Figure 6-11 gives the percent of petroleum dispta® and GHG abatement of each of
these ethanol production scenarios at their resgestale. The size of the symbol
represents the range at a particular value can h@eenpared to corn grain ethanol, or
ethanol produced from switchgrass has a wide rahgelues as the uncertainty of the
system is large. Corn grain ethanol has the paldantdisplace 2.5%-6.5% of petroleum
and 0.9%-1% of GHG emissions. This is assumingdp#st case scenario resultdaiia
Corn Grain Ethanoks described in Chapter 3. In actuality, cormngr&com less

efficient lands will be used at this scale resugltim less GHG benefits. The petroleum
displacement benefits will be the same as petrolisumnimally used during corn grain
ethanol’s production life-cycle. Corn stover hias potential of displacing 3%-3.5% of
gasoline and 2%-2.5% of GHG emissions. The impafotern stover if produced today
were determined by theéorn Stover Ethanddcenario defined in Chapter 4. The future
stover impacts were determined by #9825 Corn Stover Ethanstenario. If
switchgrass is used as a bioenergy crop it hagdtential of displacing 1%-14% of
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petroleum consumption and GHG emissions dependorgdss switchgrass yields.
These results are based on Ali@bama Switchgrass Ethanahd2025 Alabama

Switchgrass Ethanacenarios defined in Chapter 4.

14 14
. 12 12 &
9]
- 8-14 8-14
& 10 10 o
g o
s 8 8 &
a 3
2 5 - 55-65 6 8
Q
£ 4 4 3
8 m 3-35
S 5 — 025 2 l
© a5 22
A 0
Corn Grains Corn Stover Switchgrass Switchgrass
(current yields) (double yields)
57 - 68 billion liters 24 - 36 billion liters 9 - 20 billion liters 60 - 145 billion liters

Figure 6- 11 — Summary of ethanol production, gasimle displacement, and GHG displacement, from
corn grains, corn stover, and switchgrass grown oagricultural land. The scenario labeled as
Switchgrass (double yields) is a “what if” scenarido help show how sensitive ethanol production i®t

biomass yields

While current efforts are almost entirely placedmproving the cellulosic ethanol
conversion yield, for economic reasons, scalahilitynately depends on biomass
availability. From Table 6-14 and Figure 6-11, ipact of improving the biomass
yield of switchgrass has a much greater affechareasing ethanol production levels
than the increase in cellulosic conversion efficiermherefore, to improve the potential
scale of cellulosic ethanol production, effortsdiddoe placed on improving its
productivity as land availability is ultimately awerall constraint. In addition, to land
availability, and productivity, the scalability oéllulosic ethanol also depends on the
agricultural and cellulosic conversion facility @omnics, technological advances,
synergy of industries, and policy.
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Chapter 7: Is The New US Renewable Fuels Target of
36 Billion Gallons Feasible?®

In recent years, concerns surrounding the US meitnolsupply, national security, and
impact on the environment have increased. Oneeofittét political responses to this
concern was the implementation of the RenewablésFatandard (RFS) in 2007 which
mandated 7.5 billion gallons of biofuels — maintlganol- by 2012 [1]. Ethanol was
selected as the renewable fuel of choice becawgasita mature technology, readily
available, and easily initially scalable due todtssting infrastructure. Over the past 5
years, ethanol producers have stepped up to thikeolge and have even surpassed it.
Currently, ethanol production has reached 4.8dmiltjallons, a three fold increase from
2000 [2]. Based on current facility expansionss gxpected that by 2009, ethanol
production capacity will reach 11 billion gallorg5 billion gallons above the original
RFS [1, 2].

In response to surpassing current targets, polaens have passed a new RFSe

Energy Independence and Security Act of 2004t increases the renewable fuels target
from 7.5 billion gallons per year to 36 billion fais [3]. Ethanol produced from corn
grains is capped at 15 billion gallons, with themaéning 21 billion gallons coming from
advanced biofuels. The bill defines advanced leisfuas any renewable fuel expect corn
starch-based ethanol [3]. It also stated thatileic ethanol will represent 5.5 billion
gallons of this industry by 2022 [3]. This billsgen as a way to promote the additional
development of biofuels, and specifically secondegation cellulosic-based biofuels, as
a way to further decrease our nation’s petroleunsomption and greenhouse gas

emissions.

Given the new RFS, the goal of this chapter issgeas the feasibility of achieving 36
billion gallons of renewable fuel, both in termspsbduction scale and in terms of

timeline. The first questioned addresses, is thamigh feedstocks available, from corn

“® This chapter will be in English units to stay dstent with what was written in the Senate and Hdous
energy bills
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grains, corn stover, and switchgrass, to produéckilBon gallons of ethanol? The
second question asks, can the ethanol industry gpr@aicapacity of 36 billion gallons by
2022, based mainly on cellulosic ethanol?

The feedstocks considered to achieve these gaatsoan grains, corn stover, and
switchgrass. The potential scale of productiortbfinol from these feedstocks was
assessed in Chapter 6. The fossil energy usal@etn and GHG displacement results
from these 3 feedstocks as discussed in Chapteitl e applied to assess the potential

impact 36 billion gallons of ethanol may have.

The new RFS bill defined milestones for renewabtdd production from both corn grain
and second generation cellulosic feedstocks, ssicom stover, wheat straw, and
switchgrass. The bill defines a renewable fued asotor fuel produced from renewable
sources [3]. The new RFS outlined the followingeline expected for renewable fuel
production [3]:

» 36 billion gallons of renewable fueltyy 2022

* 9 billion gallons of renewable fuels/ the year 2008

» 15 billion gallons of corn grain ethanol
» 3 billion gallons of cellulosic biofuelsy 2015
» 7.25 billion gallons of advanced biofudig 2016

» 21 billion gallons of advanced biofudty 2022,

This renewable fuels package expects that 3 bijalitons of advanced biofuels from
cellulose will start to be produced in 2015 [3]hefefore, for the next almost 10 years it
is expected that corn grain will remain the domirfaedstock for ethanol production in
the United States.

To assess the potential for achieving 36 billiotogs of bioethanol the availability of
feedstocks needs to be discussed. Table 7-1 gssgila amount of biomass available for
ethanol production, as assessed in Chapter 6. t&isi& billion bushels of corn grains is

assumed to represent the maximum amount feedstatkauld be used for corn grain
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ethanol production while still meeting the US faot export demands as outlined by the
USDA Agricultural Baseline [4]. At this level 16 18 billion gallons of corn grain
ethanol could be produced, consuming over 30%taféucorn grain production [4]. The
amount of corn stover available directly relatethimamount of corn grain produced as
it’'s an agricultural residue of corn. As a resil©® million dry tons of stover would be
available today, and 109 million dry tons of stowauld be available in the future, for
cellulosic ethanol production (Table 7-1), at a 38®%ver removal rate. If switchgrass
was introduced as a bioenergy crop competing ocwtural land, 45-60 million dry

tons would be available at current assumed yieddwden a farm gate price of $35-
$45/dry ton (details discussed in Chapter 6).

Figure 7-1 displays the amount of ethanol thatlmmproduced from each of these
sources today and in 2025. The 2025 future cdliclscenarios assume an increased
conversion efficiency of 87 gal/dry ton. Corn grathanol, though today produces 4.8
billion gallons, has the potential of production 1% billion gallons of ethanol by 2012
(Chapter 6). This is based on current facilityazafy expansions and the construction of
new corn grain ethanol facilities. Ethanol prodlié®@m corn stover has the potential of
producing 24-36 billion gallons depending on auality of feedstock and cellulosic
conversion efficiency. For switchgrass introduesd bioenergy crop, there would be a
potential of producing 2-38 billion gallons of etfvh depending on switchgrass vyield,

farm gate price, and conversion efficiency (Chapjer
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Ethanol Scale and Impact of Production From Various Biomass Sources
Corn Grain Today*’ 2025 Future Scenario *
billion bushels 2.15 5t06
billion gallons 4.8 15t0 18
0 .
% Gasoline 2.5% 5.5% to 6.6%
Displaced
% GHG
Emissions 0% 0.9% to 1%
Displaced
Corn Stover 49 . 50
(Cellulosic Ethanol) Today 2025 Future Scenario
63 gal/dry 63 gal/dry
ton 87 gal/dry ton ton 87 gal/dry ton
Corn Stover million dry 100 109
tons
billion gallons 6.3 8.7 6.9 9.5
0 :
% Gasoline 3% 4.2% 2.5% 3.5%
Displaced
% GHG
Emissions 2.1% 3% 1.8% 2.5%
Displaced
Switchgrass > 52 .53
(Cellulosic Ethanol) Today 2025 Future Scenario
63 gal/dry 87 gal/dry
63 gal/dry ton 87 gal/dry ton ton ton
Switchgrass million dry 45 to 60> 400 to 430%°
tons
billion gallons 2.41t03.7 3.2t05.3 1591t026.4 22.51t038.2

" Petroleum & GHG results are basediowa Corn Grain EthanoL.CA scenario results in Chapter 3

“8 Petroleum & GHG results are based20®25 lowa Corn Grain EthandlCA scenario results in Chapter
3

9 Petroleum & GHG results are basediowa Corn Stover EthandLCA scenario results in Chapter 4

*0 petroleum & GHG results are based on 20®5n Stover EthandlCA scenario results in Chapter 4

*1 Switchgrass results are based on POLYSYS resultsiat CRP results.

%2 petroleum & GHG results are basedAlabama Switchgrass EthanoCA scenario results in Chapter 4
%3 Petroleum & GHG results are based2025 Switchgrass EthanbCA scenario results in Chapter 4

¥ This is based on current assumed switchgrasssyilf-6 dry tons per acre

% This assumes the “Switchgrass (double yield)” aderwhich is why the amount of switchgrass and
ethanol produced is so high. This is a “what @&sario to show the impact of improved biomassigiel
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0 .
HGasoline 010006 14%102.2% 8% 1010%  12% to 14%
Displaced

% GHG
Emissions 1% to 2% 1.3% to 2% 8% t09.5% 11% to 13%
Displaced
Total -
Production billion gallons 14 18 43 58

Table 7- 1 - Ethanol Scale and Impact of Productiofrom Various Biomass Sources. The RFS target
is 36 billion gallons

40

RFS Target = 36 billion gallons

351 @ Current Conversion (67%)

30 m Future Conversion (90%)

25+

20+

billion gallons

15+

Total
(current yields)

Corn Grain Corn Stover Switchgrass Switchgrass

(current yields)  (double yields)

Figure 7- 1 — Summary of ethanol production by vaiwus biomass sources. The scenario labeled as
Switchgrass (doubleyields) is a “what if” scenario to help show how sensitie ethanol production is to
biomass yields. Ethanol produced is given for cuant and future expected ethanol conversion rates
as defined in Chapter 4

Is the scale of 36 billion gallons of ethanol achiable?
When comparing these production scales to the R&Sadj 36 billion gallons, it is clear

that first corn grain ethanol production will acabv@ior approximately 15 billion gallons

of this target, which is achievable. This leavédRlion gallons of advanced biofuels
that will need to be produced mainly from cellutsources. It is expected that an
agricultural residue, like corn stover, will belized as an initial cellulosic feedstock.
This is because stover is already centrally locaitiélin the Corn Belt, near current

existing ethanol production and distribution infrasture. Utilizing an agriculture
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residue also lowers the risk for cellulosic ethgorolducers, as it is a feedstock that is
guaranteed to be available in dense amounts. Adlewith a bioenergy crop like
switchgrass, farmers initially would need to dedidlshift their lands from current
practices to bioenergy crops in large enough gtiestio produce enough feedstock
within a given area. This could lead to a longmetine for biofuels production based on

a bioenergy crops such as switchgrass.

Corn stover-based ethanol has the potential fatymmiog up to 9.5 billion gallons of
ethanol assuming a 90% ethanol conversion rates 8o removal rate from every
field. This still leaves 11.5 billion gallons ofieanced biofuels that would need to be
produced to meet the RFS goal. If switchgrassssimed to become available in the
future, it has the potential at current estimatednass yields to produce between 2-5
billion gallons of ethanol. This leaves the golshohieving the RFS short by 6.5-9.5
billion gallons. If switchgrass yields double owere, an additional 16-38 billion gallons
of ethanol could be produced, this would surpassthrent goal. Additionally, other
agricultural and forest residues are potentialtesic feedstocks for ethanol production.
Ultimately, there is enough biomass to convertligae RFS goal, another question is,

can it be collected, transported, and convertemetttanol economically?

Can 36 billion gallons of renewable fuels be prodwd by 20227?

The second question addresses was how realistie RFS timeline of creating a billion
gallon cellulosic ethanol industry by 2013 and @ lallion gallon cellulosic industry by
20227 Currently, commercial scale production dilimsic ethanol is still not
economical. To expedite the matter, the DOE hasntgcapproved the investment of up
to $385 million dollars over the next four yearsgipilot scale cellulosic ethanol
facilities. These facilities expect to utilize egitural residues such as corn stover and
wheat straw to produce up to 136 milligallons of cellulosic ethanol. It is expectedttha
these facilities will be operational by 2010. Téese the first cellulosic ethanol facilities
that will test laboratory technology with the go&lnarrowing down the field of options
that second generation cellulosic facilities wdbat. Some of the key challenges that

remain are; improving cellulosic ethanol convergiates through superior enzymes and

179



yeast, improving economic constraints, and synargithe various players within this
industry to enable the scale-up of production. e@ithese constraints, as well as the
timeline for conclusions to be made from thesel@ [pacilities, is the expectation that
cellulosic ethanol production will be in the biltisof gallons by 2013, realistic or just
challenging? For this to occur, a pilot scale stdpiproducing 150 milliomallons will
need to be expanded to a few billion gallon scathiw6 years. While it's not
unfeasible, it does appear to be very challengimgngthe progress that needs to be
made, the potential bumps in the road that canrptoe adoption time of new

technology, and the long timelines for projectb¢odeveloped and built.

Additional constraints can also affect ethanol’septial scale such as, E10 market
saturation and infrastructure development condsai@urrently, only E10, a blend of
10% ethanol and 90% gasoline, is approved formuséandard gasoline engines. The
market for E10 would be saturated at approximatélpillion gallons of ethanol which
could be produced from corn grain ethanol in the Beyears [2]. For ethanol
production to increase further, additional marketsancreased levels of ethanol would
need to be created. In the future, this may caoma flex-fuel vehicles or dedicated
ethanol vehicles.

In the end, the RFS goal of producing 36 billioliayes of renewable energy by 2022

will be challenging both in production scale andhivi the given timeline. While corn
grain ethanol is expected it achieve the 15 bilfyaflon target, advanced biofuels, and
specifically cellulosic biofuels, have many morealkénges ahead that need to be
overcome to achieve 21 billion gallons. When dateing what affects the scale the
most, it is clear that improved biomass yields tesua much larger impact on increasing
scale than increased conversion rates (Figure Gljrently, most research efforts are
placed in improving cellulosic ethanol conversiates for economic reasons. While
improving ethanol conversion rates are needed,awipg biomass yields are essential as

land availability and land productivity are ultireit the systems production constraint.
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Chapter 8: Summary and Conclusions

There were two main objectives of this researait to evaluate the potential production
level of ethanol from three different biomass sesracorn grains, corn stover, and
switchgrass, and second to assess the environn@piatts of producing ethanol at
these levels from these three biomass sourcesefMfimnmental impacts analyzed were
the total life-cycle fossil energy consumption,eggreouse gas emissions, and petroleum
displacement, and land use efficiency. It was shthat the fossil energy consumption
and GHG emissions of bioethanol production largielgended on the system
configuration and boundary assumptions, input \&laed system variability (Figure 5-
2).

For corn grain ethanol, the GHG emissions couldreater than or less than current
gasoline emissions. This is dependent on the gpbgr location of crop production,
assumed coproduct credits, and the ethanol fasilitiel source. When looking at

current best practices, without a coproduct creditn grain ethanol on average has about
the same GHG impact as gasoline. When coprodeditsrare assumed, corn grain
ethanol’'s GHG emissions are lower compared to gasolAdditionally, if an ethanol
facility utilizes biomass as their main fuel soyrte life-cycle GHG emissions for corn

grain ethanol would decrease substantially beloweot-day gasoline emissions.

Cellulosic-based ethanol, either from corn stoveswitchgrass both significantly
decrease life-cycle GHG emissions compared to ges@Figure 5-2). The main reason
for this is the use of lignin, a part of the plant converted to ethanol, as a fuel source
within the ethanol conversion facility. The comaig ethanol results were more sensitive
to the geographic variation for crop productiomtiize switchgrass based results. This
was because, switchgrass has a variety of cultthatscan be grown under a range of

climate conditions, while high corn productivityagentered within the Corn Belt.

To achieve the second goal of this research, tlreicle assessment results were applied

to determine the impact of increased bioethanallpeion from these three feedstocks.
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It was estimated that corn grain ethanol would lle¥ieat approximately 57-68 billion
liters per year. At this ethanol production lewethe year 2025, 30% of current US corn
grain production would be consumed, 5-7% of gasolwould be displaced, and
approximately 1% of GHG emissions would be dispda@@ble 7-1).

It was also estimated that 24-36 billion liters pear of ethanol could be produced from
corn stover, based on a 30% stover removal ratghié\level of production in 2025,
stover could displace 2.5-3.5% of gasoline and21586 of GHG emissions (Table 7-1).
While corn stover is a likely fist candidate fotlasic ethanol due to its location near
existing infrastructure in the Corn Belt, there sti# many challenges that need to be
overcome. These challenges are collection teclkenigjomass storage, and advances in

cellulosic ethanol conversion rates, and improvahemics.

The potential for a bioenergy crop, such as switasgjas an agricultural crop competing
for agricultural land was also considered. A madgled POLYSYS was used to
determine the amount of agricultural land that wiahift into switchgrass production as
a function of farm gate price and the net retuohe farmer. At current assumed yields
between 0-6 dry tons/acre and a farm gate pri&36f$45/dry ton, 9-14 billion liters per
year could be produced at a cellulosic conversita of 238 I/dry ton. At this rate of
ethanol production, 1-1.5% of gasoline and GHG smoiss could be displaced. In the
future, if projected cellulosic conversion rates3@8 I/dry ton are achieved, 12-20 billion
liters per year of ethanol could be produced, displg 1.5-2.5% of gasoline and GHG

emissions.

The affect of increased biomass yield was alsosasskeby considering a scenario where
the yield of switchgrass doubles over time, to @fy2tons/acre. Under this assumption,
and at a farm gate price of $35-$45/dry ton, 60-4illidn liters per year of ethanol could
be produced at today’s conversion rates, and 85:ildén liters per year at future
projected conversion rates. At these levelslwdmdl production, 8-14% of gasoline and
GHG emissions would be displaced. Improving theddyof switchgrass would require a

significant amount of genetic engineering researuh development in the future.
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At switchgrass farm gate prices between $35-$45kiryswitchgrass does not displace
corn producing land but instead displaces hay attrc land, centered within the south
and southeastern part of the United States. Thasntroduction of switchgrass as a
bioenergy crop does not displace ethanol produmed €orn but rather complements it.
When considering ethanol produced from these thi@eaass sources, there is a potential
to produce 124-249 billion liters per year, anctiise 12-25% and 6-17% of 2025
gasoline and GHG emissions respectively

While there is the potential to displace such an®ohgasoline and GHG emissions,
there are significant hurdles in the way. Onéhefrnajor hurdles is: where will 124-249
billion liters of ethanol go in the market plac&@n percent of ethanol can be blended
with gasoline and used in current non flex-fueliglds without modification. The E10
market will be saturated within the US, with 57ibih liters of ethanol, a level of
production that could be met by future projectetharain ethanol production. Flex-fuel
vehicles make up slightly over 2% of the light-dughicle fleet. Thus an important
guestion is: what market will demand/consume are@ge in ethanol production beyond
what corn can supply? Is there really a marketadehin the near-term for ethanol that
would require it to be produced from cellulosicsms? These are short and long-term
issues given that a billion liter cellulosic ethemalustry is still at least a decade away?
Questions like these still need to be addresseth&nol production is to continue to

increase in the future.

While demand for ethanol is one side of the equatihat hurdles remain on the supply
side? First, the ethanol distribution infrastruetneeds to be developed so it can more
efficiently supply U.S. east and west coast mark®#hether that should be in the form
of a dedicated ethanol pipeline, as done in Braziincreased rail and truck use is still to
be determined. Secondly, where would increasinguats of ethanol be used? Ethanol

* Producing 248 billion liters, displacing 25% otqméeum, and displacing 17% of GHG emissions,
assumes a scenario where switchgrass yields dotdBd 2 dry tons/acre. The lower numbers in exch
these ranges assume current switchgrass yield$ afr@ tons/acre and more accurately represeneoturr
day and the near term.
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could be used in standard light-duty vehicles withengine modifications up to an
ethanol blend of 10%. Ethanol produced beyond d0%e transportation fuel market
could then be used in flex-fuel vehicles or mofecieitly in vehicles solely dedicated to
ethanol. Flex-fuel vehicles can operate on gasaimd ethanol blends up to E85, though
higher engine efficiencies are experienced wheninghgasoline. Dedicated ethanol
vehicles, running on E85, can be designed to isereagine efficiency at higher ethanol
blends. Currently, flex-fuel vehicles are approaialy 2% of the light-duty vehicle
market place, and therefore increased sales adedée create an additional market
place for higher ethanol blended fuels. Incrediedfuels or dedicated ethanol vehicles
could then provide an incentive to fueling statitmgcrease the number of pumps that
sell higher ethanol fuel blends. While this mapgpen in the future, there is still a
significant time delay of over 10 to 15 years ufiéik-fuel vehicles create significant
ethanol demand within the vehicle fleet. A thitgbply hurdle is that cellulosic ethanol
needs to become economically competitive withintthasportation fuel market. The
majority of government research is being focusethercellulosic conversion arena.
This includes research on lowering enzyme costeddacility equipment costs, and
increasing cellulosic biomass to ethanol convergielis. Research is also needed to

increase biomass yields, as land is ultimatelynthen constraint to scale.

Given the results presented in this chapter atldarsubsequent ones, a question that is
often asked is, should biofuels, and specificalhaaol, be the path that the US should be
on? The answer to this question often dependshat @nes objective is? For example,
if the intent is improving national security thrdudisplacing petroleum: then, yes,
ethanol does displace petroleum and thus increastsenal security. Even with a 30%
lower energy density, ethanol displaces 68% ofgbetim as little oil is consumed during
its production. However, if the objective is teplace GHG emissions, then the answer
is less clear. Corn grain ethanol, without a cdpod assumption, is equivalent or worse
relative to GHG emissions emitted by gasoline potidn and combustion. However,
cellulosic ethanol significantly decreases GHG siiss when compared to gasoline.
Many people feel that corn grain ethanol is a stepptone to cellulosic ethanol, and

therefore that the end result will be lower GHG &s1@ns from the transportation sector.
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Another potential objective of bioethanol produntie to boost the agricultural industry.
This has had both a positive and negative econaffect locally and abroad. It has
boosted certain agricultural sectors, such as paduction, while also increasing the
cost of production in other industries, such asnahfeed. Whether these economic

impacts are short-term or long-term issues rentaite seen.

The long-term future scale and impact of biofurlthie US is not yet clear, though
current policy is driving the industry’s expansiowhile biofuels may contribute to the
primary government objective of increasing naticsedurity through displacing
petroleum, there are other technologies and rernevgaloirces that could be adapted.
Increased petroleum-fueled vehicle fuel economypyidyand electric vehicles are
technological examples that can reduce and algtedis petroleum. In an electric
vehicle scenario, biomass could be used, alonglawticarbon releasing electricity
generation, to displace petroleum. Biodiesel atadd play a role within the freight
transport sector by displacing some diesel fuesaoption. In the near term, there is no
one silver bullet that can displace a major fractd our petroleum consumption and
reduce our GHG emissions. Biofuels is one of mamgnges that will be needed. Only
when many effective actions are combined will weabke to displace a portion of our

transportation petroleum consumption and GHG enssi
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