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ABSTRACT

Overall, biofuels play a significant role in future energy sourcing and deserve
thorough researching and examining for their best use in achieving sustainable goals.
National and state policies are supporting biofuel production as a sustainable option
without a holistic view of total impacts. The analysis from this research connects to
policies based on life cycle sustainability to identify other environmental impacts beyond
those specified in the policy as well as ethical issues that are a concern. A Life cycle
assessment (LCA) of switchgrass agriculture indicates it will be challenging to meet U.S.
Renewable Fuel Standards with only switchgrass cellulosic ethanol, yet may be used for
California's Low Carbon Fuel Standard. Ethical dilemmas in food supply, land
conservation, and water use can be connected to biofuel production and will require
evaluation as policies are created. The discussions around these ethical dilemmas should
be had throughout the process of biofuel production and policy making. Earth system
engineering management principles can help start the discussions and allow

anthropocentric and biocentric viewpoints to be heard.
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CHAPTER 1

1 INTRODUCTION AND BACKGROUND

Introduction
The biofuels industry has grown in the U.S. over the past few decades due to

multiple drivers including pollution reduction, limited resource management, and
energy independence (Demirbas, 2009). Major environmental concerns connected to
fuel come from the emission of greenhouse gases (GHGs) from fossil fuels used
industrially, commercially, and in the transportation sector (Charles et al., 2007; Dixon
et al., 2010; McGee et al., 2011). GHG emissions drive global warming which brings
additional environmental concerns such as ecosystem imbalances and altered weather
conditions (Gomiero et al., 2010). Energy independence will allow for the U.S. to pursue
private energy security, reducing the need to obtain foreign fuel sources (Dixon et al.,
2010). This adjustment will also influence the economic sector for the country, changing
international trading, taxation, and job opportunities in energy production(McLaughlin
et al., 2002). Overall, biofuels play a significant role in future energy sourcing and
deserve thorough researching and examining for their best use in achieving sustainable
goals.

The motivation for this thesis is to provide insight on unintended consequences
and complex issues for switchgrass, a leading biofuel feedstock, before it reaches large
scale production. National and state policies are supporting biofuel production as a
sustainable option without a holistic view of total impacts. The analysis from this
research connects to policies based on life cycle sustainability to identify other
environmental impacts beyond those specified in the policy as well as ethical issues that
are a concern. This research will contribute to the literature used to help understand

uncertainties in biofuel production and consumption.



The work presented in this thesis is based on the potential role of biofuels in the
transportation sector. The research is focused on a leading feedstock for biofuels,
switchgrass (Panicum Virgatum L.), and its contribution to biofuel production for the
U.S. The Environmental Independence and Security Act (EISA) and California’s Low
Carbon Fuel Standard (CA LCFS) serve as examples for policy analysis and the role of
switchgrass biofuels. The thesis highlights potential environmental tradeoffs and ethical
dilemmas that will need to be addressed as switchgrass-derived fuel is produced to meet
such federal and state policies. The research approach combines three disparate methods
to consider biofuels in the U.S.; policy analysis, environmental impacts, and
environmental ethics. Figure 1 shows that many biofuel research studies incorporate
only one or two of the methods to discuss biofuels. The literature lacks discussion
considering all three methods of describing the biofuel industry. There is a gap in
connecting all three methods in advancing biofuels. The policy analysis for this thesis

focuses on EISA and CA LCFS.



Categories of Biofuel Production Reviewed in Research

Federal &
State Policy

Environmental Environmental
Ethics \ Impacts

Figure 1- Categories of Biofuel Production Reviewed in Research. The dotted
lines indicate studies reviewed during the research. The red solid line shows the unique
approach of reviewing biofuels connected to policy, environmental impacts and ethics.



Table 1- Published information on switchgrass biofuel can be found according to the
categories outlined in Figure 1. There is a research gap in combining policy,
environmental impacts, and ethics

EENE R il

Policy incentives for switchgrass

Chamberlain & Miller 2012 production using valuation of non-market
ecosystem services
LCA of a biorefinery concept producing
Cherubini & Jungmeier 2009 bioethanol, bioenergy, and chemicals from
switchgrass

Farrell, Plevin, Turner, Jones,
O'Hare and Kammen

Ethanol Can Contribute to Energy and
Environmental Goals
Analysis of Federal and State Policies and
McGee & Chan Hilton 2011 Environmental Issues for Bioethanol
Production Facilities
Net energy of cellulosic ethanol from
switchgrass
Role of energy policy in renewable energy
Tan, Lee & Mohamed 2008 accomplishment: The case of second
generation bioethanol
Energy and Emission Benefits of
Alternative Transportation Liquid Fuels
Derived from Switchgrass: A Fuel Life

cle Assessment

2006

Schmer, Vogel, Mitchell & Perrin 2007

Wu, Wu & Wang 2006




First, it is important to review the role policy is playing on the biofuel industry.
Both federal and state policies have provided incentives for biofuels, motivated by energy
independence and GHG reduction. In the sector of alternative fuels, overarching federal
policies such as the 2007 Energy Independence and Security Act (EISA) in the United
States established goals to reduce vehicular fuel from oil, lower GHG emissions, and
focus on alternative fuels such as ethanol and biodiesel. Along with such federal policies,
state incentives and regulations such as California’s Low Carbon Fuel Standard have
GHG reduction goals. State policies can contribute to the U.S.’s movement towards
energy security and carbon reduction through the use of alternative transportation fuels.

The tailpipe emissions are a major concern for GHG emissions in transportation.
Policies that target only tailpipe emission miss upstream impacts before the use phase.
When policies limit compliance to certain phases of the biofuel, unexpected
consequences appear due to impacts not regulated. Impacts from other phases may show
that the desired biofuel, either feedstock, conversion process, or targeted volume
replacement, may not be as beneficial intended.

In order to identify upstream and indirect impacts from biofuel production and
use, Life Cycle Assessment (LCA) can provide the insight policy makers need when
determining the influence of leading biofuel feedstock. LCA can give a holistic view of
impacts by indicating environmental impacts throughout all phases of products and
processes — production, use, and disposal. Standards on conducting LCA are provided in
the International Organization of Standardization standard 14040:2006 (throughout the
document this LCA standard is referred to as ISO 14040). The standardized process of
conducting an LCA consists of the following steps outlined in Figure 2: 1) defining the
goal and scope 2) life cycle inventory (LCI) data collection 3) impact assessment (LCIA)

4) interpretation of all data and results and 5) reporting findings (Organization, 2006).



The ISO 14040 — Environmental Management - Life Cycle Assessment — Principles and
Framework describes each step and the overall use and limitations of an LCA. The use of

LCAs in biofuel policies will allow for forethought to be used to identify possible

unintended consequences.

The Steps of Conducting an LCA

~

Reporting
Inventory E>
Collection

Impact
Assessment [

Figure 2 — The Steps of Conducting an LCA. The process is according to ISO 14040
standards.

As the number of biofuel policies increase and higher volumes promoted, it is
vital to consider all phases involved to ensure a sustainable course of biofuel
development. Without a holistic view on the outcomes from altering biofuel feedstock,
production processes, and consumption patterns, it is not possible to predict net
sustainable impacts from the driving policy. Using LCA in connection with biofuel
policies will enable policy-makers to focus efforts on key industries and areas that will be
impacted such as the agriculture sector. For switchgrass to add to biofuel targets,
assessing potential consequences through LCA is needed to prepare the industry and

move forward from research phases.



The potential issues in commerecial scale production of switchgrass-derived
biofuels can also create environmental ethical dilemmas. Environmental ethics centers
around the challenges related between human advancement and environmental
preservation, the basis for principles used to interact with nature (Minteer, 2009)
Personal views on the value of nature shape how societies respond to new technologies
that will change environmental conditions. Callicott (2012) says environmental ethics
can be described as the combination of ecology and science to determine a value based
system of constraints on behaviors necessary for both environmental and human benefit.
For example, individuals may voice their personal ethical beliefs and start movements
such as with Rachel Carson and Silent Spring in the 1960’s (Carson, 2008). The views
involved in biofuel production and use vary drastically, covering the entire spectrum of
beliefs about the relationship between humans and the environment. Some dilemmas
around biofuels include food supply impact, land use change, and water distribution.
Policymakers have the responsibility to evaluate all sides of the dilemmas before
instituting new laws. The dilemmas can be discussed using earth systems engineering
management (ESEM) principles, topics for consideration before interacting in natural
systems (Allenby, 2007).

Considering the missing research gaps of connecting policy, environmental impacts,
and environmental ethical dilemmas, the following objectives are set for this thesis work
and covered in the following chapters.

e Objective 1: Perform an LCA on switchgrass produced for cellulosic ethanol and

drop in fuels, focusing on the cradle-to-gate agriculture phase.

e Objective 2: Use U.S. RFS2 2022 goals and CA’s Low Carbon Fuel Standard GHG

baseline scenarios to address the role switchgrass have to meet biofuel policies.



¢ Objective 3: Connect environmental ethical dilemmas of ecosystem altering, land
use change, and water rights to the biofuel production for environmental

improvements discussion using ESEM principles.

Organization of Thesis
The thesis consists of 3 chapters to present the findings from the research. The

introductory chapter continues with background information necessary to understand
U.S. biofuel policy, use of LCA in connection with biofuels, and the interest in
switchgrass for biofuels. Chapter 2 is the methods and results of the LCA study focused
on the agriculture phase of switchgrass-derived biofuels. The chapter also includes a
policy analysis of the Renewable Fuel Standards (RFS2) and California’s Low Carbon
Fuel Standard (CA LCFS). The last chapter brings in more discussion on environmental
ethics involved in biofuel policies and provides final conclusions and suggested future
work. Chapters 1 and 2 were prepared in conjunction with research conducted for a
United States Department of Agriculture project awarded to Arizona State University

and the University of Pittsburgh. .

Background

U.S. Biofuels Policy
The development of U.S. biofuel policy can be seen as a progression from

environmentally-focused policies in the 1950’s and 60’s. Beginning in 1955, the country
saw the need to monitor air quality by enacting the Air Pollution Control Act. Air quality
concerns continued by the enactment of the Clean Air Act in 1963, which was later
amended to include biofuel-specific regulations in regards to air and water quality and
pollution control ("Air Pollution Control Act," 1955; "Air Quality Act of 1967," 1967;
"Clean Air Act Amendments," 1963; "Clean Air Act Amendments of 1970," 1970; "Clean

Air Act Amendments of 1977," 1977; "Resource Conservation and Recovery Act ", 1976;
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"Safe Drinking Water Act," 1974; "Surface Transportation Assistance & Highway
Revenue Act," 1982; "Toxic Substance Control Act," 1976). Biofuels were eventually
addressed in the 1970’s by the addition of a tax exemption for ethanol in the Energy Tax
Act of 1978 (Tyner, 2008). In 1990, the Clean Air Act amendment provided specific
standards on renewable fuels, incorporating biofuels in future industry to be heavily
incorporated in future environmental policy making ("Clean Air Act Amendments of
1990," 1990).

There also exists a connection between biofuels policy and energy regulations. In
the 1980’s and 90’s, environmental policies started to include energy regulations such as
the Alternative Motor Fuels Act of 1988 and Energy Policy Act in 1992 ("Alternative
Motor Fuels Act," 1988; "Energy Policy Act of 1992," 1992). Each of these policies
included terms for alternative fuels, including biofuels. The policies of this time began to
consider energy quantity and sourcing. This also marks the start of using policy to push
for energy independence and security. Similar regulations on quantity and sourcing can
be seen in the 2005 Energy Policy Act as well as EISA.

The present biofuels policies use different means to meet a combination of
environmental and energy purposes. As mentioned, EISA is an example of biofuel policy
that is set to increase the volume of biofuels as well as improve the environment through
GHG reductions. Other biofuel policies set regulations on the industry as a whole,
promoting green jobs and biorefinery development such as Executive Order 13423 of
2007. Other pieces to biofuel policy are put in place to ensure the availability of
feedstock cultivation. All of these policies require an incentive for compliance. A major
incentive for biofuel production and use comes from economic benefits. Tax exemptions,
subsidies, and refunds encourage the development and use of next generation biofuels

(Sims et al., 2010).



Biofuel volume targets created by policies can push the alternative energy
industry forward (innovate). EISA and others also encourages the investment beyond
first-generation biofuels (corn ethanol), into 274 and 3" generation biofuels, those from
non-food sources and residues of agriculture. In 2009, the RFS program was revised
commonly referred to RFS2. Under the RFS2, the EPA set the renewable fuel standard
projection up to the year 2022 and indicated that out of the 36 billion gallons biofuel
produced only 15 can be from conventional corn ethanol. The remainder needs to come
from biodiesel (50% life cycle GHG threshold reduction) such as from soybean oil, non-
cellulosic advanced biofuels (50% life cycle GHG threshold reduction) such as grain
sorghum, and majority from cellulosic ethanol (60% life cycle GHG threshold reduction)
such that can be created from switchgrass. In order to use next generation biofuels, new

technologies in production and in the transportation sector need to continue to develop.
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RFS2 Volume Targets 2010 - 2022
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Figure 3 - RFS2 volume targets 2010- 2022. The volumes are for corn, advanced
fuels, cellulosic fuel, and biodiesel (EPA, 2010)

CA LCFS is an example of setting state GHG reduction policy on life cycle
impacts. The CA LCFS was passed in 2007 as part of the Executive Order S-01-07. The
standard requires a 10% reduction in carbon intensity of fuel in the transport sector by
2020 for the whole state. The program does not require specific alternative fuel targets
like RFS2, but uses a credit and deficits system to encourage reducing life cycle carbon
intensity (mass CO. eq. per MJ of fuel) of transportation fuels. CA LCFS has been
regulated by the California Air Resources Board (CARB) since 2009.

The Interest in Switchgrass
Research indicates many feedstocks and alternatives for biofuel production in the

U.S. beyond current first generation biofuels. The major contributors for ethanol in

motor vehicles are corn and sugarcane, but both have been criticized for impacting food
11



supply and low energy return on investment (EROI) values for production(Stein, 2007;
P. B. Thompson, 2012). Other agricultural feedstocks such as switchgrass are of new
interest because of their availability, lack of direct influence on the food supply, and
ability to produce fuel that will comply with biofuel regulations while feasibly meeting
the demands for the U.S. In connection to RFS2 goals, next generation biofuels are
necessary to reach the 36 billion gallon biofuel target by 2022. Table 2 shows the EPAs
estimations for biofuels in 2022, capping first generation corn ethanol at 15 billion
gallons (USDA, 2010).

Table 2- The values of the predictions represent the desired volumes according the
RFS2 36 billion gallon target for 2022 set in 2009. Switchgrass and other perennial

grasses are predicted to be the next largest contributor to biofuels compared to
conventional corn ethanol.

EPA Feedstock Assumptions and Gallons by

2022

Switchgrass (perennial grass) 7.9 bg
Soy biodiesel and corn oil 1.34 bg
Crop residues (corn stover, includes bagasse) 5.5bg
Woody biomass (forestry residue) 0.1bg
Corn ethanol 15.0 bg
Other (municipal solid waste (MSW)) 2.6 bg
Animal fats and yellow grease 0.38 bg
Algae 0.1 bg
Imports 2.2 bg

Switchgrass (Panicum Virgatum L.) is an energy crop of interest, estimated to
account for close to 40% by volume of U.S. biofuels in 2022. Some of the agriculture
characteristics that make switchgrass appealing included its lack of required
maintenance, and ability to adapt to multiple weather conditions and grow on marginal
lands. It is found in most of the continental US, but heavily in the plains of the Midwest
(Fike et al., 2006a; Vogel et al., 2002). Currently switchgrass is commonly used for
erosion control, filling marginal empty lots of land, and can be found in animal feed.

Since switchgrass is perennial, the initial preparation on land only needs to occur every 9
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to 15 years (McDonald et al., 2006). Studies show that switchgrass can be harvested for
biomass 2 to 3 times a year, yet the biomass yield is reduced compared to a single harvest
(Douglas et al., 2009; Fike et al., 2006b; Sanderson et al., 1996; Vogel et al., 2002). The
cultivars of switchgrass are commonly classified as either lowland or upland depending
on the native geographical location. The lowland switchgrass cultivars take longer to
mature than upland strands (Lewandowski et al., 2003), while upland switchgrass tends
to be more adaptive to dry conditions and lowland species adapt to flood conditions
(Stroup et al., 2003).

LCA results of switchgrass for biofuel have shown a wide range of benefits and
tradeoffs compared to fossil fuels. LCAs on switchgrass indicate a net zero or negative
GHG value due to the high carbon storage in the grasses’ roots. As much as 94% lower
GHG emissions from the cellulosic ethanol derived from switchgrass compared to
gasoline are recorded in LCA literature (Schmer et al., 2008). Energy models have
indicated that switchgrass could produce greater than 700% output energy compared the

input energy.
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Table 3 provides a summary of switchgrass LCAs published and the focus of the

studies.
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Table 3 - Literature review summary table of switchgrass biofuel LCAs available in the
literature. The system boundary and indication of discussing total biomass yield, impact
categories, application to policy or specific agriculture impacts were recorded for each

LCA paper.
Biomass Other . Ag.
Yr Author | F.U. System Yield GWP Impacts Policy Details
power for
Bai, Luo, 1-km
2010 | van der driving of Cradle to X X
iy Grave
Voet midsize
car
amount
.. | of
2010 Cherublpl, biomass Cradle to X X X X
Jungmeir Gate
treated
per year
Schmer,
Vogel, 1 ha of Agriculture
2008 Mitchell, land phase X X X
Perrin
Wu, Wu, kg dry Well to
2006 Wang biomass | Wheel X X X X
Spatari
’ 1L of Well to
2010 | Bagley, Ethanol Gate X X X
MacLean
Spatari,
2005 | Zhang, 1Lof Cradle to X X X X
Ethanol Gate
MacLean
Wang,
Han, Haq,
’ > | 1MJ of Well to
2011 %ner, Fuel Wheel X X
u,
Elgowainy
200 MacLean, | 1 MJ of Well to X X
9 Spatari Fuel Gate
I;SEZ (;"t Gallons
2010 | Meyers, of water | Cradle to X X X
Eric /1gal Grave
gl fuel
Williams

In order to contribute to the current research and make applications for

environmental ethical issues, an LCA on switchgrass was needed. The following chapter

presents a peer-reviewed style paper focusing on LCA results and the benefits of utilizing

more than GHG reductions for policy makers.
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CHAPTER 2

2 LCA and POLICY ANALYSIS AND RESULTS

METHODS
The research consisted of LCA of switchgrass for cellulosic ethanol and drop-in

biofuel, and policy assessment based on the LCA results. The LCA was conducted on
switchgrass agriculture and fuel production. Results were used to evaluate California’s
Low Carbon Fuel Standard and the U.S. RFS2 targets. The overall work was driven by
objectives within a proposal with the University of Pittsburgh and the U.S. Department
of Agriculture. The objectives of the USDA project are in Appendix A

Goal and Scope Definition:
The LCA was performed following ISO 14040 process (Organization, 2006). The

goal of the attributional LCA was to determine environmental impacts of the agriculture
phase of switchgrass as the crop grows in popularity for biofuel production. The audience
of the study includes both biofuel / energy policy makers and members of the agriculture
industry. The functional unit for the LCA is 1 kg of dry biomass for biofuel production.
Figure 4 shows the system boundary of the LCA study. The LCA system boundary
includes the land preparation, cultivation, harvesting and upstream production impacts
for switchgrass agriculture. Impacts from production of switchgrass-derived biofuel
through pyrolysis were assessed in collaboration with the University of Pittsburgh and

considered in order to scale the biomass yields to projected cellulosic fuel volumes.
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LCA System Boundary
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Figure 4 -LCA system boundary. The dark dashed line represents the system
including pyrolysis for assess impacts associated with volume targets.

Life Cycle Inventory:
Inventories were collected from existing peer-reviewed publications on LCA and

agriculture studies, best practices throughout the country, and databases such as
Ecoinvent. Ecoinvent datasets for agricultural processes were used for sowing the seed,
fertilizing, and harvesting. Sowing and fertilizing were assessed on a per meter squared
basis. Harvesting through baling was assessed based on 1 harvest bale per hectare and
163 kg biomass per bale (Sokhansanj et al., 2009). Energy mixes represented those of
Switzerland and were not updated to reflect U.S. energy consumption. GHG emissions
from pyrolysis are estimated to be 0.03 kg CO2 eq. per MJ of renewable fuel produced.
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Pyrolysis information for the University of Pittsburgh can be found in the appendix.

Table provides values used from the inventory collection to perform the LCA. Average

values of collected data were used to represent average national inputs. Detailed

inventory data can be found in Appendix B.

Table 4 - Input table from inventory and source reference

Value (unit)

Source(s)

Average yield

Conversion Factors
5.2 (Mg biomass/ ha)

(Spatari et al., 2010)

Ethanol Conversion

0.38 (L ethanol / kg
biomass)

(Schmer et al., 2008)

Drop-in fuel conversion

0.097 (kg biomass /
MJ)

Land Preparation
Nitrogen Fertilizer 55 (kg/ ha) (Spatari et al., 2005)
Lime 3000 (kg/ha) (Bai et al., 2010)
Cultivation

Seeding rate 10 (kg/ ha) (Bai et al., 2010; Cherubini et
al., 2010; Pimentel et al.,
2005; Schmer et al., 2008;
Spatari et al., 2005)

Nitrogen fertilizer 86 (kg / ha / year) (Bai et al., 2010; Schmer et al.,
2008; T Searchinger et al.,
2008; Spatari et al., 2010;
Spatari et al., 2005; Vogel et
al., 2002; Wu et al., 2006)

Phosphorus fertilizer 24.6 (kg / ha / year) (Bai et al., 2010;T Searchinger
et al., 2008; Spatari et al.,
2010; Spatari et al., 2005; Wu
et al., 2006)

Potassium fertilizer 67.6 (kg / ha/ year) (Bai et al., 2010;T Searchinger

et al., 2008; Spatari et al.,
2010; Spatari et al., 2005; Wu
et al., 2006)

Nitrogen runoff

4.79 (kg N eq. / ha/
year)

(Nearing et al., 2005;
Nyakatawa et al., 2006;
Sarkar et al., 2011)

Phosphorus runoff

15.3(kgNeq./ha/
year)

(Nyakatawa et al., 2006)

Lime

150 (kg/ ha/ year)

Bai et al., 2010)

Atrazine

2.97 (kg / ha / year)

(Spatari et al., 2010; Spatari
et al.,, 2005; Vogel et al.,
2002)

18




Metolachlor 2.24 (kg / ha/ year) (Pimentel et al., 2005)

Harvesting

Tractors & other agriculture 1 baling process Ecoinvent -
machinery for baling 1 p Baling/CH U (of project
Ecoinvent unit processes)

Life Cycle Impact Assessment:
The impact assessment based on 1 kg of biomass was determined for the

categories of global warming potential (GWP), acidification, eutrophication, ecotoxicity,
and fossil fuel depletion. Impact factor values for agriculture were determined using Tool
for the Reduction and Assessment of Chemical and Other Environmental Impacts
(TRACI) version 2.1. Eutrophication was adjusted based on runoff from nitrogen and
phosphorus fertilizers. Additional impact in eutrophication was determined using
average recorded nutrient runoff data and TRACI conversion of phosphorus to nitrogen
equivalent (7.29 kg N per kg P) (Norris, 2002). GWP reduction over time was analyzed
by altering the lifespan of a switchgrass field before re-establishment. Land use change
is not explicitly included in the analysis. Pyrolysis impact assessment was only used to
compare GHG emissions associated with well-to-tank switchgrass biofuels to expected
U.S. GHG targets and reductions.

Policy Analysis:
The goal of the policy analysis was to assess the role switchgrass-derived biofuels

can have in attaining RFS2 and CA LCFS GHG reductions. Previously published studies
from research institutions, government agencies and private firms were used to apply the
study’s LCA results to national RFS2 cellulosic biofuel volumes 2014 — 2022 and CA
LCFS 2020 GHG reduction goals. CA LCFS was assessed on a volume basis from a study
conducted by ICF International to give annual cellulosic biofuel targets(International,
2013). The total GWP for annual targets for RFS2 and CA LCFS were determined for all

cellulosic biofuel targets being produced by switchgrass-derived fuels. The LHV for
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switchgrass biofuel is assumed to be 35.8 MJ/L. The pyrolysis impacts based on kg of dry

biomass were added to agriculture impacts from this study for comparisons.

RESULTS:

LCA Agriculture Results:
Normalized impact results of the agriculture phase for switchgrass are presented

in Figure 5; the original results are presented in Appendix C. The agriculture phase can
be divided into on-farm and upstream activities. The on-farm activities include events
that take place during land preparation, cultivation, or harvesting on the switchgrass
field. Impacts from on-farm activities include seed sowing, application of fertilizers and
chemicals, 