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EXECUTIVE SUMMARY

Renewable fuels are beginning to take on a more significant role in transportation with the
implementation ofegislation suclas the 2007 Energy Independence and Security Act (EISA),

which requires 36 billion gallons of renewable fuel®e used annually in the U.S. by 2022.

These fuels must meet greenhouse gas (GHG) reduction targets, set by the EPA Renewable Fuel
Standard (RS2), which are measured relative to conventional petroleum fuels through life cycle
assessments (LCAOt her state regul ations, suCARB)as Cal i
Low Carbon Fuel Standard (LCFS) also set local GHG reduction targets.

Establidied fuel LCA models such as GREET (Greenhouse Gas, Regulated Emissions, and
Energy use in Transportatiohave long been used to estimate the-#eeWheels GHG
emissionsand energy use of transportation fuels. However, there are still many uncertainties
associated with LCAs related to biofuelsor example, the contribution o, emissions from
agricultural operations tihe overall carbon intensity (CI) of a biofuel is significant given its
high dobal warming potential (GWP)In addition, the effectef land use change (LUC) and

how it is included and modeled in LCA has been the area of much debate. LUC is initiated as
more crops such as corn and soy are required to mdeett&tock needsf a growing biofuel
sector. The increased demand for crofisnately results in conversion of new larfds
agriculture Traditional LCA models do not typically have the capability to model the global
supply and demand changes that resatjuiring inputs from additional modelsdetermine

how much land is nessary, which type of land is converted and how much @mSsions

result from the conversion.

As shown in Figure E&, LUC emissions (white hashed bar) and agricultural emissions (green
bar) contribute substantially to the overall CI of a fuel. Howdweth are primary areas of
uncertainty for the determination of the GHG benefits of alternative fuels with respect to
conventional fuels for policy. In this work, we examined the assumptions and methodologies
surrounding these two highly controversial arede also investigated different approaches to
time accounting for LUC.

INDIRECT LAND USE CHANGE MODELING

Searchinger was one of the first to call attention to the potentially significant impacts of indirect
land use change (ILUC) to GHG of biofudls] Subsequently, government agencies have ténde
to incorporate the effects of ILUC in alternati\®ofuels policies: EPA calculates ILUC in its
RFS2, as does CARB in its LCHZ,3] Because modelinti.UC is outside the scope of many

LCA models, links are made between agomnomic models, which predict the amount and
location of ILUC, and landover GHG emission factor databases. The net emissions occur over
time, the length of which mubee conside=d in determiningarbon intensity (Cl) for the fuel.
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Figure ES-1: GHG Emission from Corn and Wheat Ethanol from LCA modeling and reports. Source CRC-E88

Final Report [4] .
In this work, we have investigated the modeling approaches and linkages between databases used
in the RFS2 and LCFS, along with other key@ tudies such as Searchinger and Ty[agr.
We first explored how the agieconomic datadses are linked to the emission factor databases to
estimate the net GHG emissions. Then we compared the LUC results from each study. Finally,
we compared the carbatock data in the different emission factor databases used.

The EPA approach is the maomplex, using two different modeling pathways to determine
domestic LUC and international LUC. Domestic changes are determined through the FASOM
economic model. FASOM is linked to the DAYCENT/ CENTURY and FORCARB databases to
endogenously determinegtimet ILUC. Since the databases and detailed results were not
available, the methodologies applied could not be compared to other approatéenational

ILUC is modeled with the FAPRI model in the RFS2. The land use results from FAPRI are
linked to emission factors from the Winrock databases, which are aggregated according to
historicalland conversionmeasured through MODIS satellite imagery.

In the LCFS, CARB models LUC with the GTAP model, which is linked to emission factors
from the Woods Holeatabase. A similar approach is used in work by Wally Tyner at Purdue
University; however, the GTAP model is updated in this more recent work to include a better
estimation of biofuels commaoditig®] The final Cl results attributed to ILUC from these
studies, along with results from Searchinger and a study for EU fmlithe International Fad
Policy Research Institute (IFPRdje shown irmable ES1. Since Searchingédrst publically
highlighted the topic of ILUC emissioms 2008, databases and modeling practices have been
refined producing lower ILUC emission estimates.
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Table ES-1: Comparison of 30-year ILUC results (IFPRI is for 20 years) from different studies. Units are g COy,

eq MI™ fuel.
EPA EPA
Searchinger | International] | Domesti¢2 Tyner
[1,6] 2] ] CARE] [5] IFPRB]
Corn Ethanol 106 30 -4 30 18 54
Soy biodiesel 340 40 -8 62 75
4 (incl.

Sugarcane Ethanol domestic) 46 18
Complete Policyith

blend of fuel types 17

The amount, location and typel@fUC occurring, which are predicted kye agreeconomic
models, are significant factors in the final Cl of the flieky are then linked to emission factors
(EF) to deérmine the total GHGs producedihelLUC for eachstudyare shown for corn

ethanol inFigure ES2-A, and the resulting GHG assions (normalized over the time horizon of
each study) are shown igure ES2-B. The models predict significantly different amounts and
locations of land conversion. For example, both CARB and Tyner use the GTAP model
(although an updated versionused in the Tyner study). The LUC results from Tyneioalg

half of those predicted by CARB, and occur throughout the world, while much of the LUC
predicted by CARB occurs in the U.S.

EU-FPRI ¥ Canada

A B Africa
Tyner (GTAP- BIO- m Europe
ADV) M Former Soviet Union
M Latin America
CARB (GTAP) ¥ North Africa and Middle East
Developed Pacific
EPA (FAPRI)

China/ India/ Pakistan

Southeast Asia
Searchinger United States

Rest of World

-2.00 0.00 2.00 4.00 6.00 8.00 10.00 12.00
Land Use Change (ha/ billion BTU)
® Canada
EU-IFPRI B B Africa
M Europe
Tyner (Woods Hole) = Former Soviet Union
M Latin America
CARB (Woods Hole) ® North Africa and Middle East
Developed Pacific
PA (Winrock) China/ India/ Pakistan
Southeast Asia
Searchinger (Woods Hole) United States
f | | : } : Rest of World

-20 0 20 40 60 80 100 120

Land Use Change GHG Emissions (tons CO2 eq/ billion BTU *yr)
Domestic LUC and GHG from EPA are shown as modeled from FAPRI. Results used in the final RFS2 are modeled with FASOM.

Figure ES-2: ILUC (A) and GHG emissions (B) for corn ethanol from key studies.
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The amount of GHGs predicted depends on the Emission Factors applied to the land conversion.

In this work, we attempted to compare the carbtmtk data used in the Woods Hole and
Winrock emission factor databases. However, a direct casopabetween the two is not
possible. The differences in the databases are highlighfieable ES2. The application of the

databases can also be significantly different. For example, CARB, Tyner and Searchumger all

the Woods Hole database, butiae at different emission factors due to different assumptions

applied.
Table ES-2: Differences in Winrock and Woods Hole EF databases.
Emission Factor Winrock Woods Hole
Step
Regions 755 administrative units 10 world regions
Conversion 47 different conversion/ reversion categorie| Conversion from forests and grasslands
Categories between 8 different land claf&ations only.
Regions are divided into ecosystems. CA
Emission Eactor Historical LUC is predicted through MODIS| and Searchinger weight EFs based on
Weiahtin satellite data to weightlifferent conversion | KA & 42 NA OF £ RIF G T NP
ghting EFs into Ethat correspond to FAPRI Houghtorj9]. Tyner uses the total land
cover of each ecosyem type.
GStock for Gstock included for each type of land
Above and classification. The change in stocks is
belowground C in| calculated as the difference between the Stock Change methaalso used.
vegetation original ard new land use type.
Lossof G in All C in vegetation is lost, however databas| Searchinger assumes 100% is.lost
vegetation includes a calculation for harvested wood | CARB assumes 90% is lost
9 products that could be added at a later datg Tyner assumes 75% is lost.
. Uses Harmonlzgd World Soil patabase for Gstock in top 1 m of soil; 25 % is lost over
Soil Carbon top 30 cm of soil. Loss of soil carbon occy the time horizon (30 years)
over 20 years, with varying rates (80%) y
Peat Iandso!ls are est_lmated for Indonesia Referencedo IPCQor SE Asidefault for
Wetlands and Malaysia, occurring over the -§ear
. ) peat lands
time period.
Fire CHand NOIPCC defaults included as
Non-CQ combustion factors for conversion and No separate calculation for Gnd NO
emissions reversion. Rice methane combined in direc| emissions from fire.
LCA
Reversion factors are the negative of . . .
. . | 75% of lost soil carbon is regath€l8.75%
. conversion factors, except for forests, whicl " : . :
Reversion . original soilcarbon) in regions wére
e are estimated ashe lower of the annual : L
Emissions . cropland is shrinking (EU and Former Sov|
foregone sequestration over 20 years or thg .
o Union)
initial forest carbon stock.

TIME ACCOUNTING

Time accounting plays a sigiuént role in the overall determination of GHG emissions from
ILUC. A large release of GHG emissions occurs in year zero from abml/below ground

biomass as a result of land conversion. Additionally, soil carbon emissions continue to be
released for approximately 20 years, and foregone sequestration is accounted for through the
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duration of biofuel productionHow long these emigms are accounted for, and how they are
allocatedover time will affect the final Cl value of the fuel.

Although both the EPA and CARB have currently settled onwge2® time horizon with a 0%
discount rate, there is still egoing debate on how to ampriately allocate indirect emissions
occuring over a long time period. Tfaetorsthat have the most impact are the time horizon and
the discount rate.

The time horizon is the length of time during which all emissions are accounted for and
attributedto the biofuel, allocated over the volume of fuel produced during that time period.
There are benefits and drawbacks when considering either a shof8€r y2ar) or longer (100

year) time frame. A shorter time frame emphasizes the importance g¢enmaagmissions, and

iS more conservative, since predictions grow more and more uncertain further into the future.
However, short time frames may truncate potential benefits that occur over time (e.g. if cropland
reverts to its natural state after the pcojdetime has ended). Longer time frames are more
uncertain, and may also reduce the signficance of near term emissions changes.

Applying a 100year time frame treats ILUC emissions on a similar scale as GHGs, whose global
warming potentials (GWPsyaexpressed as G@q. based on a 18@ar time period.

Additionally, a longer time frame allows for consideration of reversion emissions. Some argue,
however, that reversion emissions are too uncertain, and should not be included.

The practice of discauing emissions is also an area that lacks concensus. Discount rates are

used in economics to determine future valuedbase t oday o6s dol | alkuC They
emissions to emphasize the significance of near term emissions by giving them motehaeigh

future emissionssince they are likely to caus@ earlier compoundingffect if theyare emitted

to the atmoshpere earlieHowever, applying an economic practicefghysical phenomenon
doesndt necessarily hav eulttoldeternsnaireegramef&@i ng sSi n
emissions will cause different effects if it is released today or tomorrow. There has been an

ongoing effort to attribute a dollar value to £€nissions, named the social cost of carbon,

which can hen be discounted amaingly. However, many argue about the appropriate discount

rate to apply to ILUC emissions. Peer reviewers for the RFS2 suggested discount rates ranging
from 0% to 7.9%[10]

Some argue that 0% is an appropriate discount rate because of the issue of intergenerational
equity. Others argue that ILUC emissions are already uncertain, and applying a discount rate
amplifies the unceainty. However, applying a 0% discount rate suggests that future emissions
have the same equity as current emissions, implying that there would be no value in avoiding
emissions today, since it will be cheaper and easier to do so in the future ovecignoldgy
advancementsAdditionally, the significance of current emissions is ignored when using a 0%
discount rate.

Ot hers have suggested alternative approaches
suggests calculating a fuel warming potential (FWP) using calculations for cumulative radiative
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forcing (CRF), the same methodology that is applied irgassy a globbwarming potential
(GWP) to GHGs[11] The FWP couldhen be discounted. Kloverpris argues for a baseline time
accounting methodology which would measutéC relative to a baselineUC.[12] Although

there is growing support to us®%/P methodologies sintkey utilizesimilar metristo those
already used toedermine GWPs of different GHGs, it isa@arthatcurrentpolicies will adopt

a different methoah the near future

AGRICULTURAL N2O EMISSIONS

Nitrous oxide N2O) is an important species in the overall biochemgedchemical cycling of

nitrogen. It is produced naturally in soldy microbial processeBue to its potent GHG behavior

(GWP is298times that of CQ and its influence bydman activities, B is considered an

important contributor to anthropogenicaihduced radiative forcing of climate change.

Globally, approximately 7.5% of total GWP is attributedt®N Met haneds contri b
global GNP is twice as large, but onlyary small fraction of this is attributable to agricultural

activities related to biofuels. Thus;®!is the primary GHG of interest in LCAs of biofuels.

N0 is produced in soils as a-pyoduct of microbial processes involving nitrification and de
nitrification pathways. Nitrification is an aerobic process, by which nitrogenous species are
oxidized to nitrat€NOs-); denitrification is an anaerobic process, by which nitrate is reduced to
molecular nitrogen (. The balance between aerobic and anaexiditions is affected by
numerous factors particularly soil type, tillage practice, and moisture level. Other important
factors influencing nitrification and denitrification include soil nitrogen inputs, temperature, pH
level, and soil organic matt€eOM) content.

Major inputs of nitrogen to the soil include synthetic fertilizers, organic fertilizers, crop residues,
and animal wastes. Besides direct formation in soils, indirgotidlproduced by two main
pathways: (1) volatilization of ammonia an@®Nrom soils, followed by deposition onto lands

and waterways, and (2) runoff and leaching of nitrate from soils, followed by nitrification/
denitrification in waterways. A complete accounting gONemissions impacts from biofuels
requires assessmentshafth direct and indirect sources ofMI

A variety of modeling approaches have been developed and applied to esti®amissions

from agricultural activities. Among the most widely used are approaches developed by IPCC.
Because of | P anifgirg and mongoring &HG emissionswoansistent,
countrywide basis, their methodologies for determiningdNemission inventoriegrerelatively
simple, and rely upon readibvailable data inputs, such as total fertilizer use and crop
production wihin a given country.

| PCCbs approach has evol vedOproeessesthdséanprpved r s a
and more experimental data have been acquired for testing and validating the models. The most
recent IPCC guidelines, published in 2006tline a 3tiered hierarchical approach for estimating

N2O emissions. The choice of which tier to employ is based upon availability (and reliability) of
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inventory information at hand. Tier 1 is the simplest approach, requiring the least data inputs.
Thisis also the approach which seems to be most widely used in LCA studies of biofuels.

When using the GREET model to assessdifele GHG emissions for biofuels, it appears that
most modelers apply simple Tier 1 default values for all eomdsictor termgEFs), fractiorof

soil nitrogen tlat is volatilized, and fractioaf soil nitrogen that is lost due to runoff and/or
leaching. A clear explanation of nitrogen input terms is often not provided, though it seems that
nitrogen from fertilizer applications ithe only term used in some cases. Use of such defaults

|l eads to an 0vemiad di dimmi fea c 1ONAWsoieNfinpud. THe@ 1 33 kg
derivation of this value is shown in Table-BSwhich also indicates the wide uncertainty range
that applieso each component of this emission factor.

Table ES-3. Default NoO Emission Factors used in GREET

Factor, Uncertainty Range
N,O Emissions Component o o
kg NO-N/kg soitN inputs | kg NO-N/kg soitN inputs
Direct NO from sail 0.0100 0.0030¢ 0.0300
IndirectN,O from volatilized and rdeposited N 0.0010 0.0001¢ 0.0055
Indirect NO from nitrate leaching and runoff 0.0023 0.0004¢ 0.0088
Total 0.0133 0.0058¢ 0.0348 *

*Total estimated range is derived assuming the individual IPCC ranges are log normal. Standard propagation
of error routines are applied to lower and upper standard deviations.

Tier 3 ofIPCC-2006 defines use of procelsased modeling approaches to determip@ N
emissions inventories. Procdsased biogeochemical models simulate fluxes ah@N among

the atmosphere, vegetation, and soil; and determine global budgets for these species. These
models require extensive parameterization to represent the physical, chemical, and biological
processes influencing,® formation. Thus, they requiret inputs regarding crop type, soil

type, nutrient supply, temperature, pH, precipitation, tillage practices, and other parameters.

The U.S. EPA and USDA have adopted a Tier 3 approach to determining the g®ect N
emissions component of the total U.§rieultural GHG inventory for major crop species.
(Simpler emission factor approaches are still used for minor crops and for indi@ct N
emissions components.) For this purpose, a biogeochemical model called DAYCENT is
employed.

Application of a Tier 3process moddbased method for determining® emissions inventories
would be expected to provide more reliable results than a simple Tier 1 appmasided

sufficient inputs of high quality are available to run the model. However, direct comparisons
Tier 1 and Tier 3 approaches are difficult to perform, partly because of inconsistencies in spatial
and temporal scales. The IPCC Tier 1 methodology is intended to estimate annual ax@rage N
emissions on a large spatial scakypically countrywide. In contrast, procedsased models are
generally applied to smaller regions, but with higher temporal resolution.
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In their description of the U.S. GHG inventory process, EPA presented a comparison of direct
N2O emission estimates provided by DAYCENT dhel IPCC2006 Tier 1 approach. Published
field measurement studies from 12 North American sites were considered, representing several
combinations of crop type, fertilizer treatment, and cultivation practices. 8llénission

values were expressed on awoon basis of g pO-N/haday. The results shown in Figure-BS

are taken directly from the EPA document. This figure shows that in nearly every case, the
DAYCENT estimates were closer to measured values than were the IPCC estimates. In general,
the IPCC Ter 1 methodology ovegstimated emissions when the observed values were low, and
underestimated emissions when the observed values were high. In comparison, the DAYCENT
estimates are less biased. The improved performance of DAYCENT is expected, besause th
model accounts for sigpecific factors (such as weather, soil type, and crop type) that influence
N>O emissions, while the IPCC methodology does not.
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Figure ES-3. Comparison of direct soil NoO emission estimates from DAYCENT and IPCC Tier 1 (2006)(Taken
from U.S. EPA [13]).

XVi



LIST OF ACRONYMS

AEZ
AFOLU
ANPV
ASM
AWMS
b BTU
BEES
BESS
BG

C
CARB
CENTURY
CEPII
CES
CET
CGE
CH

Cl

ca
CQq
CP
CRC
CRF
CRP
DAYCENT
DDGS
DGS
DNDC
EBAMM
EC

EF
EIGLCA
EISA
EPA
EU
FAO

FAPRI
FASOM
FORCARB
FQD

Agro-economic zone

Agriculture, Forestry and Land Use

Annual net present value

Agricultural Sector Model

Animal waste management system

billion BTU

Building for Environmental and Economic Sustainability
Biofuel Energwystems Simulator

billion gallons

Carbon

CaliforniaAir Resources Board

Biogeochemical model of plasbil nutrient cycling

/| SYGNBE RQ 90dzRSa t NRaLISOGAL®Sa SiG R«
Constant Elasticity of Supply

Constant Elasticity of Transformation

Computational Generdtquilibrium

Methane

Carbon Intensity

Carbon Dioxide

Mass of a specified GHG expressed as a mass,tfa@idg equivalent GWP
Cropland Pasture

Coordinating Research Council

Cumulative Radiative Forcing

Conservation Reserve Program

Daily timestep version of CENTURY biogeochemical model
Drieddistillers grairwith solubles

Distillersgrain with solubles

DeNitrification DeComposition (model for JD emissions)
ER@@iofuelsAnalysis MetaModel

European Commission

Emission Factor

Economic InpuDutput- Life Cycle Assessment Model
Energy Independence and Security Act

Environmental Protection Agency

European Union

Food and Agricultural Organization
The Food and Agricultural Policy Resednstitute; FAPRCARD is at Center for
Agricultural and Rural Development

The Forest and Agricultural Secptimization Model
U.S. Forest Carbon Budget Model
Fuel Quality Directive
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FSU
FWI
FWP

g CQeqMJ*
Gg
GHG
GREET
GTAP
GWP
ha
HWSD
IEA
IFPRI
ILUC
IPCC
1ISO
JEC
JRC

kg

LCA
LCFS
LCI
LEM
LUC
MIRAGE
MODIS
MOVES
M ton
Mg

MJ
mmBTU
Mtoe

N

N,O
NO
NOAA
NOE
NPV
NREL
ODS
OECD
Pg

Former Soviet Union
Fuel Warming Intensity
Fuel Warming Potential

grams of C@ equivalents per MJ of fuel
Gigagram = I0yrams = one thousand metric tonnes
Greenhouse Gas

Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation

Global Trade and Analysis Project

Global Warming Potential

hectare

Harmonized World Sdiatabase

International Energy Agency

International Food Policy Research Institute
Indirect Land Use Changes

International Panel on Climate Change
International Organization for Standardization
JRC, EUCAR and CONCAWE

Joint Researchedter

kilogram

Life Cycle Assessment

Low Carbon Fuel Standard

Life Cycle Inventory

Life Cycle Emissions Model

Land usechange

Modeling International Relationships in Applied General Equilibrium
Moderate Resolution Imaging Spectroradiometer
Motor Vehicle Emission Simulator

Million tons

Megagrams= 10 grams= 1 metric tonne

Mega joule= 1Gjoule

million BTU

Million tons of oil equivalent

Nitrogen

NitrousOxide

Nitric Oxide

National Oceanic and Atmospheric Administration
Nitrous Oxide Emissions (model fofNemissions)
Net present value

National Renewable Energy Laboratory
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Organization oEconomic Cooperation and Development
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RED
RF
RFS2
RIA
RTFO
SBM
scc
soc
SOM
tC

TCF

Tg

TH

UK
UNFCCC
USDA
WFPS
WH
WTT
WTW

Renewable Energy Directive

Radiative Forcing

Renewable Fuel Standard

Regulatory Impact Analysis

Renewable Transport Fuel Obligation

Soy Bean Meal

SocialCost of Carbon

Soil Organic Carbon

Soil Organic Matter

ton of Carbon

Time Correction Factor

Teragram = 188 grams= one million metric tons
Time Horizon

United Kingdom

U.N. Framework Convention on Climate Change
U.S. Department of Agriculture

Waterfilled pore space

Woods Hole

Wellto-Tank
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1 INTRODUCTION AND BACKGROUND

1.1 LIFE CYCLE ASSESSMENTS IN POLICY

Interest in measuring greenhouse gas emissions (GHG) from transportation fuels is increasing as
alternative fuel policies are being implementeddress concerns regarding energy security

and globaktlimate change Pol i cies suc lbon&wl S@Grdard (EGF8)nthea 6 s L
EPA6s Renewabl e Fuel Standard (RFS2), the EU®
UK6s Renewable Transport Fuel Obligation (RTF
targets be met through the use of alternative faskshown inrable1-1.[2,3,14,15]The GHG

emissions are determined throudh tycle assessments (LCAyhichare employed as a means

to estimate theradleto-graveGHG emissions (among other environmental impacts) of a fuel

The GHG reductions are measured through comparison of LCA results of an alternative fuel to

its conventional counterpart (such as gasoline or diesel). The net GHG is determined in terms of
acarbon intensityCl), which includes all GHG emissions, measlinCO; cq

Table 1-1: Renewable fuel requirements and GHG Reduction targets for U.S. and E.U. policies.

Policy VolumeRequirement GHG Reduction Target
Renewable FueR0%
36 billion gallons by 2022 Advanced Fuef 50%
Biomasshased diesel50%
Cellulosic Biofueb0%

EPA RFS2 (EISA)

Weighted blending
CARBLCFS requirement based on 10 % by 2020
carbon intensity.
10% of renewable energy it  6%reduction inlife-cycle
transport fuels by 2020. | GHGs from biofuels by 202(
10% of renewable energy i 35%reductionby 2020 (40%
transport fuels by 2020. recommended)

EU RED

Uk RTFO

A fuel LCA is performed by accounting for all energy and emission flows during the life of the
fuel, from thecradle to the grave. This includes all phases of production, processing,
transportation and use. This accounting practice requires numerous data inputs and assumptions
and clear definition of boundariebhe results of LCAcan behighly variable and depelent on
these inputs. Because of their importance in policy, LCA methodologies and data have been
under critical review, with each assumption, definition, data input, etc., being evaluated by
stakeholders and experts in an effort to ensure that theytife GHGemissionf
transportatiorfuels are justly represented. The assumptions that generate the greatest
uncertainties and yet have the largest impacts in LCA of a biofuel are those regarpioguoxi
allocation, agricultural emissions (particulaM,O emissions) and indirect land use changes
(ILUC).



1.2 LIFE CYCLE ANALYSIS OF FUELS

Life cycle analyses are being applied to determine the carbon intensity (Cl) of various alternative
fuels to compare to the CI of conventional fuels. The CI of a fugpisally determined as mass

of CO,eqemissions per energy content of the fuel (gg,Q&,MJ'l), but can also be compared per
volume of fuel or per distance drivéa.g.,g CO;, e(J_'lorg CQO, e(}<m'1).

A full-fuel LCA includes all emissions flows (and/ather environmental impacts such as

energy use, eutrophicat, or acidification) startingiith raw material extraction and and with

fuel consumptiori16] For a biofuel, this includes all inputs and requirements for feedstock
growth, harvesting, fuel production, distribution and combustion as well as intermediate
transportation stepgrigurel-1shows a typical pathway for biaiel production from soybeans,
which includes all direct emissions typically associated with the production and use of soy
biodiesel. The production phase bétsoybean includes all agricultural inputs necessary to grow
and harvest the crop, including the energy and emissions from farm equipment, production and
use of fertilizers, and any intermediate transportation stepsprdgicts such as sbganmeal
andglycerin are generated during oil extraction and biodiesel production phases. The emissions
produced during the use of the biofuel are dependent on the type and efficiency of the vehicle. A
common assumption is that the carbon released from the fuegdimmbustion is offset by the
biogenic carbon from plant growth. Other PG, emissions such as NChowever, are

typically included in the combustion emissions.
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Figure 1-1: Biodiesel from soybean pathway. From Reference [17]

LCAs require numerous assumptions, clear definitions of boundaries, and detailed data.
Numerous modeling té® and databases have been constructed to support fuel LCA. Some of
the models used include BEES, BESS, EBAMM, Ecolndicator;IEI®@, LEM, GaBi,

GHGenius, GREET, GEMIS, and SimaPro. Commonly used dataipatedeN RE L 6 s

US LCI

Database and Ecolnvent. TGREET model, developed by Argonne National Laboratory, offers



over 200 specific pathwaysfor alternative fuels and vehicles. It is among the most prevalent
modekin the U.S. and is used by the EPA for the Renewable Fuel Standard (RFS2). In addition,
California has updated the GREET model with its state and regionally specific data to produce
the CaliforniaGREET model, which the California Air Resources Board (CARB) is using in
support of its Low Carbon Fuel Standard (LCFS). Similar models have beeim gsggort of

other policies: GHGenius is used in support of Canadian policy, and SimaPro is used for many
European studies.

LCAs aretypically conducted tassess the relative attractiveness of various transportation fuels,
and are becoming a common addetermining the most desirable options for sustainable fuel
and energy processefhey are increasingly used in alternative fuel policies to compute the
benefit (or disbenefik) of alternative fuels with respect to conventional fudlany LCAs
conducted for biofuels show a relative GHG reduction compared to petroleum
counterpar[18,19,20,21However,moststudies have not included the effects of indirect land
use changes (ILUQ)LUC is of increasing concerimecause oits potentially dramatic impacts on
the carbon intensity (Cl) dfiofuels.

TraditionalLCA models, however, have limited or no capabilities to model indirect effects such
aslILUC, which requires the consideration of market effects. This requires expanding the system
boundaries, in what igtmed a consequential approach, to determine how supply and demand
changes affect the broader markelkis approach requires economic models to simulate market
behavior.

Even when models implement similar data or databases, they are likely to prifttuireyd
results because numerous assumptions differ from model to model (or modeler to modeler).
Some of the key assumptions affecting the results include the following:

definition of the boundaries

scale of production

farming energy and chemicadquirements

amount of nitrogen fertilizer for plant growth

conversion of nitrogen fertilizer toJ0

crop yields

energy use and efficiencies from biofuel processing plants
credits given to c@roducts

LUC impacts

= =2 =4 -8_48_9_9_°5_2°

While some of these assumptions sireply minor variations in practices and methodologies,
others can generate significant differences in the final restilieee of the most influential
assumptionsghat also have the largest uncertainties are discussed below.

1.2.1 CO-PRODUCTS

Several byproducts areproduced during the production of biofueBried distillers grairwith
solublegDDGS) isa useful byproduct of ethanol production, which can be used as animal feed.
During biodesel production, anial feed meal is also produced during the oil extraction process,
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and glycerin is produced during transesterification. Othgroducts such as naphtha or
propane may be produced iff Beneration biodiesel manufacturing involving hydroprocessing.
[22] Common practice in LCA modeling is to allocate some of the energy and emissions
produced during the fuel lifeycle to these cprodicts since they can replace other similar
products in the market. Several different methodsogdroduct treatmerdare commonly used.
[20,23,24] These are described below in more detail.

s Physical Allocatiomd Environmental impacts are allocated to eacipimduct and the
biofuel based upon a common physical parameter such as mass (kg) or energy (MJ). A
drawback of this method is that it does not consider the environmental impacts that have
been offset by rdacing other products.

s Economic Allocatior® Calculations are performed on the basis of the economic value of
the biofuel and other valuabledpyoducts. The economic allocation method has similar
drawbacks to the physical allocation method in that isdue consider changes to
environmental impacts from replacement of other materials.

s Displacement/ Substitutiod A co-product thateplace an existing produ@iso
displacsthe existingporoducts emissions streanThe environmental impacts of the
replacel product must also be assessed through LCA, and are then subtracted from the
total fuel pathway being analyzedhanges in assumptions, however, can have
significant effects on the resulsnd more data are required for the analyidiss method
isalsor ef erred to as the fAisystem expansi ono

s No CoProduct Allocatiord All energy and emissions incurred in the lifecycle are
attributed to the final biofuel product. While perhaps the easiest approach to use, failing
to allocate any energy or environmanmpacts to cgproducts is clearly an over
simplification of reality.

The choice of allocation method may significantly affect the final results of the LCA. Several
studieshave examinethe effects that different allocation methods have on the results
Bernesson, et al. studied the effects of all four allocation methods listed@bewug biodiesel

as well as a range of production plant si2S] They found that differences in plant size were
almost negligible in some cases, but the allocation methodigaificant impacts, reducing ClI

by a factor of 2 to 3 compared to no allocation, and possibly resulting in the process becoming a
netsupplier of energy for the expanded allocation method. A quick scan of LCA methodology
by Guinee and Heijungs found that different allocation methodlsl cesult in up to a 25tbld
difference in extreme casd24] Numerous other studies included cases for one allocation
method compared to no allocation, which generally produced thffgrences in LCA results.

[26]

Co-product allocation also plays an importarderim the quantificabn of ILUC, dnce some
biofuels produce a large amount ofm@ducts whib can be used as an animal feed i@pdae
crops that would have otherwise been grown. A literature review conducted by the EU
summarized LUC studies that ke at land requirements with and without consideration -of co
products[27] Many of the studies were consistent in thapooducts reduakthe land



requirements by significant aunts: between 23% and 94%, with a median overall reduction
around 36%.

Although there are still several choices of allocation methodold§@&srecommendthe system
expansion methqgdvhich may produce distorted resufpgrticularlywhen ceproducts & a
main product[26] Co-product methodologies have been reviewed in the preG&( E88
report, and are outside the scope of this work, so will not be discussed irj4jetail.

1.2.2 AGRICULTURAL EMISSIONS

Emissions occurring during the growth of the biofuel crop contribute substantially to the total
carbon intensity of the fuel. This is largely due to the emissions@fadd CH which have

high globalwarming potentials (GWP). Using the IPCC 3y@ar GWP, a single gram ob®

or CH, equates t@98or 25 grams of CQ, respectively. Therefore, small fluctuations in either
gas can result in large consequences for the biofuel.

In particular, because dfieir large GWP, BD emissions can have a significant impact on the
final CI of a biofuel. N,O emissions typically evolve from Nitrogen fertilizers that are applied
during the growth of the biofuel feedstock, therefore, it is crucial to account foirgbuts and
outputs from cultivation of land to grow biomdsmcluding crop residues, fertilizer, N fixation,
manure, deposition, gaseous losses, crop output, runoff, N transfer betwetatex crops, and
others. It is also important to know how thésetors change over tinj2s]

In manyLCA studies, the BD emissions resulting from the agricultural phase are dependent on
the total amount of Mertilizer applied and aN,O conversion factor The most commonly used
conversion factor is the IPCdefaultfactor of 1.325%, Wich determines the relative amoufit o
N,O formed from eaclgram of N fertilizer appliedThe IPCC includes assumptions about direct
emissions and indirect emissions from leachingdembsitionhowever, there is large

variability in NbO conversion factor&ven the variability associatedtivthe IPCC default

factor ranges from 0.003 to0®) and dissenting opinions on vehi factors should be applied.

The GREET model uses the IPCC v§li$4 and the GHGenius model uses a factor of
1.125%[17] However, Crutzen et §80] concluded that the IPCC emission factor fgONvas
seriously underestimatednd recommended a conversion value equivalent to an IPCC factor of
2.243.74[29]

N>O emissions arelso dependent on the region, climate, temperature, amount of precipitation,
fertilizer type, soil type, soil moisture, and soil temperature, among other things. A single
conversion factor does not acdaly capture these differeas. ProcesBased rodels such as

the DAYCENT/CENTURY model have been developed to account for thetws affecting

N>O emissions.However, procesbased models are not widely applied in fuel L&Adies

The methodologies to modeb® andagricultural emissionarediscussed in more detail in
Chapter.



1.2.3 LAND USE CHANGES

Emissions from land use change (LUC) have been shown to hawtiglbtesignificant effects
when considered in a biofuel LCA.UC effects may occur as the demand for energy crops
increases as a result of increased biofuel requiren@etsuse of international trade of
agricultural commodities, fluctuations in suppliyd demand have global implicatiorihe
increased need for biofuel crops will ultimately lead to the expansion of cropland, which can
occur elsewhere in the world (indirect land use changiekC). Depending on the location and
type of land convertedignificant GHG emissions may result. Carbon stored in vegetation and
soils will be released as vegetation is cleared by burning or left to decompose and soils are
disturbed. Additionally, there may be a loss of carbon sequestration potential frongclearin
forests.Since these types of emissions are a response to increased biofuel use, some argue that
they should be attributed to the biofuel and accounted for in the ®fdkl Although ILUC
effects are difficult to quantify, because of thestgntially irreversible impactd_.UC modeling

is being included in biofuel LCAsed for regulatory compliancélowever, modeling LUC is
beyond the capabilities of many traditional LCA models, and must betkiamggh complex
linkage to additional models and dataés. Agreeconomic models are ustmiforecast the price
response to supply and demand changes and predict the location andityp@.ofhe land
requirements are then linked to databases containing information about the stadboof the

land to calciate the resulting GHG emission§his consequentiapproachs more complex

and requires more expansive boundaries and additional models and assumptions. However,
biofuel policy is trending toward taking the consequential approach to incorporate fidd e
over the more traditional attributional approach, in which only direct environmental impacts are
guantified.

The uncertainties associated witdC are significant, and its determination requires detailed
input and assumptions and additional madgkfforts not typically included in a traditional

LCA. This work will describe how ILUC is modeled in policglated studies and investigate the
carbon stock databases in Chagter

1.3 PREVIOUS CRC E-88 WORK

This work isa follow-on to CRCProjectNo. E-88, in which an assessment of existing life cycle
analyses of transportation fuels was perforni@lE-88 included a review of methodologies,
analytical tools and modelg.he review focused on published studies which have retéee
greatest attention for policy.

The E-88 study providd a detailed review of different LCA models and their key attributes. The
models reviewed include: GREECA-GREET, JRCEUCAR/ CONCAWE, LEM, and BESS,
detailing thekey assumptions and inputs feich model.The reviewcomparedutptis of the
results of different fuel pathways from each of the studies to illustrate how inputs affect each
stage of the fudlfe-cycle The report also detailed key assumptions affecting LCA results



describing howco-product allocation assumptions, agricultural emissions and ILUC impact the
results.

The methodologiessed to determine the ILUC effasftbiofuels werealso described. The
descriptions includibackground on different agieconomic models used andaarison of
the results of these models. Additionally, compassirthe emission factor databases and the
carbon stock data appliegereprovided.

In the presentvork, we build upon CRC 88 and further investigatee uncertainties
surrounding bothLUC and agricultural BO emissionstwo of the most influential factors in
determiningthe CI of a biofuel.

The uncertainties associated watbsessments of ILU&re significant, ands estimation is not
always transparentiLUC is dependent on how miu¢and is converted, the type of land that is
converted, the emission factors applied, and the time horizon that is selected. In this work, we
focus on the estimation of | L\h€wellasothche EPAOGS
influential studiesin an atempt to clarify the approach&sken and the assumptions madéisT
involves describing the models and databases used and their key assumptions, and tracing the
guantification ofLUC and GHG emissions resulting from biofuel policies. The estimation of

how much land is needed to meet biofuel crop production requirements, as well as the type of
land that will be converteds generally predicted through the use of aggonomic models such

as GTAP, FAPRI, or FASOM. A thorough investigation of economic fmsadeutside the

scope of this work, however, key assumptions are highlighted and results fromrplateg

work will be described. The linkage between the economic models and emission factor
databases will be described, and a comparison of the cstdihdata used to determine the
emission factors will be made. The time accounting practices applied and alternative methods
will also be described.

The estimation of agricultural emissions in all biofuel LCA is also highly uncertain. 7@e N
emissions in particular can have a substantial impact to the overall Cl of a biofuel given its high
GWP. Although it is common practice to apply a single conversion factor, such as the IPCC
factor of 1.325 % g D/ g N applied, the conversion of,® fromagricultural fertilizers

depends on many factors including the climate and soil properties. In this work, we will describe
the significarce of N,O emissions in a biofuel LCA, as well as their significance to overall

global GHG emissions. The developmehthe IPCC approaches from 1997 to 2006 will be
described. Processased models such as DAYCENT/CENTURY model will also be described
and compared to the IPCC approach.



2 LAND USE CHANGE IMPACTS

As biofuel production expands due to policy changes, groguction of biofuel feedstocks must
be increased to meet the demaiitieseincreases caaccur fromincreased yields through
intensification from displacement of existing crops, foom expansion into new lands. All three
methods, howeveresult in fuctuations of GHG emissionghile the second two result in land

use changed.UC), either directly or indirectly. DiredtUC impacts are those that can be traced
directly to the production of biofuel, e.g. those that are occurring as a direct expeirtsioiuel
production into new lands. Indirect land use changes (ILUC) are those that occur from market
responses as crops or croplands are diverted to biofuels.The effects of LUC and how it is
considered (or not considered) in fuel LCA has drawn coredteattention. In particular, the

area of ILUC has been the focus of much debate since there is potential for significant emissions
from the loss of carbon in vegetation (i.e., forests or grasslands) or soils, as well as the loss of
ongoing carbon seqgsgration that would have occurred had the land remained in its original
state[6].

Searchinger was ond the first to introduce the concepti&lUC, and predicted thds
consideration would have detrimental impacts on the overall Cl of bipfesigting in a carbon
payback of 167 years for corn etharjd]However, some argue that current practices for
modeling ILUC result in an unacceptable rangearmgertainty, so should not be included until
the data are more scientifically robj1,32] Others argue that including ILUC unfairly singles
out biofuels, making producers responsible forvéadis outside of their contro]33,34]Yet,

same argue that ILUC likely has a naero impact and should not be ignored. For example,
Liskaand Perrin arguthata conservative overestimation of biofueli€less costlgince an
underestimation will lead tamore rapid adoption andigherinitial investmentsand
infrastructurd35] Regardlessf the debatepolicies are trending toward inclusion of ILUC in
LCA estimates for biofuels: RFS2 includes a detailed assessment of ILUC w&thiafuel

LCA; CARB determinesra | LUC fiadder oand theEurapean Gomimissorfisi e | ;
working to understand ILUC issues to include in its RED.

There have been several attempts to model ILUC, and results of studies are highly variable and
uncertin[2,3]Initial estimates by Searchinger showed that the GHG impacts of corn ethanol
were more than doubled when ILUC is considered. Subsequent weobeba done to refine the
analysis, andhe inclusion of ILUC in policiesvhich undergo rigorous peer revidave resulted

in a more acceptable estimation of ILUC. All have shawaweverthat the ILUC is potentially

one of the primary sources of GG a biofuel Cl. More recently, othersave suggestethat

the effects of ILUC are even less sev§bg, or perhaps irrelevaf@6]. Many agree that ILUC

will likely have some impact, and should be given a-rero valug2,31,33,37]

Results from various LCA models and reports for corn or wheat ethanol are ghkgnrie2-1.
Many of the studies incledan estimation of ILUC (shown as the white hashed bar). The figure



illustrates that effects of ILUC are not insignificant, and can have dramatic impacts on the final
Cl value of a fuel as modeled by LCA.
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Figure 2-1: GHG Emission from Corn and Wheat Ethanol from LCA modeling and reports. Source CRC-E88
Final Report [4] .

Theeffectsof ILUC are significant, but the uncertainties associated with its estimati@hsare
large Thereforejt is important to understand the modeling process, data, amehpissns that
affect the results. ILUC is not generally predicted by conventional fuel LCA models such as
GREET or BESS. Determination of ILUC is complex and requires knowledge of price
fluctuations occurring in response to supply and demand changespsf cThis requires linking
several models to predict how and whidtdC will occur: generally amgreeconomic model is
used in conjunction with an emission factor database to determine how much land is impacted,
where the LUC will occur and on which gpf land, and how much GHGs will result.

In this section of the report, we will first descrivby LUC is significant and what contributes to
the determination of LUGINd therdescribehe general approaches to model ILUC. Since
ILUC is quantified to deermine compliance with certain fuel regulationg will describe the
methodologies that CARB and EPA follow to predict ILUADd introduce the approach
evaluated by the ECWe will then give an introduction to the models and databases used for
each policy and provide comparisons between ti@nally, we will use the results of various
modeling effortdy the EPA and CARBo make comparisons between the databases and
methoddogies followed.



2.1 GHG FROM LAND USE CHANGES: THE CARBON CYCLE"

As the demand for biofuel crops incregsaore and more croplands will be required to satisfy

the feedstock requirements as well as traditional food and feed crop requirements. This demand
necessitates that lands be converted from their current use. Land conversion, such as converting
from forests to cropland, results in the removal of biomass and vegetation which can store large
amounts of carbon. If the vegetation is burned or left tomipose, the carbon will be eteid

to the atmosphere as a GHG.

The terrestrial biosphere can act as both a source and a sink for ddrb@arbon cycle is the

mass transfer of carbon by natural geological, physical, biological, and chemical processes
between the biospherbydrosphere, and the atmosph¢d8]Biogenic greenhouse gas (GHG)

fluxes associated with agriculture include the storage of atmospheric carbon in plant biomass due
to phobsynthesis, respiration, decomposition, and the uptake or release of carbon into roots, soil,
or back to the atmosphere. N@®, emissions (Chkl N,O) from agricultural practices vary

depending on the management practice employed. The atmospheric upgf&kardd plant

material is considered a credit against the biogenic carbon in the fuel. However, the biogenic
components of feedstock production and landusarapeo r t ant el e mdifadyde of a
impact, and these emissions should include chaimggoil carbon and aboveground flora and
belowground soil and biomass.

Land conversion also results in a fluxsail carbon[39] Conversion of forest to cropland

releases large quantities of soil carbon. However, reduced tillage practice or crop residues re
incorporated back into the agricultural system can lessen this effect and provide the benefit of
improved soil quality. [40,41,42]In addition, if existing cropland is tillednuch of the soil
carborfover 25%)is released over tim@d3] No-till practices can help to build up soil carbon

and perennial crops will add to soil carbon mass in variable quantity and ové44iiide

effect of tillage practice remains uncertaji5,46]

Converting cropland o€onservation Reserve Progra@RP) land to pasture or forest generally
results in increased storage of carlpdn9,35,48Fpatial and temporal relationships between
agricultural patterns and practices and the net amount of carbon steeetbtydo date, been
adequately quantified.

Direct LUC can be defined as the type of activity being carried out on a unit of4@hdhe
IPCChasupdatedjuidelines for Landise, Laneuse Change and Forestimich have set default
values for abowground LUC[50]Theland categories arecmbinationof land cover (the type

of vegetation coveringtheearb s s ur f auseclassadi]dix lo@aval land categories
for greenhouse gas (GHG) inventory reporting are specified. These categories include forest
land, cropland, grassland, wetlands, satgnts, and other land.

! This section is taken from CRE-88 [4]
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IPCC estimates that ~1.5 billidansof carbon are emitted to the atmosphere each year from
forest and grassland clearing, which accounts for 20% of annyai@iSsiong51,52].

2.1.1 SOIL ORGANIC CARBON (SOC)

Global soil organic carbon (SOC) estimates are 2,300 ®yG 16° g) as shown ifFigure2-2.
This is three times the estimated 760 Pg in the atmosphere. Yet this soil organic carbon sink is

also one of the major sources of atmosph@fg, asalso shown irFigure2-2. Soil naturally
acts as a carbon sink, the magnitude of which is affected by a combination of factors such as soil

moisture, pH, salinity, texture, and the presence of microbes and plainigse¢hn and above the
earth. Natural and anthropogenic external factors such as seasonal change, tillage, and fertilizer

and water inputs also have a strong effect on thec@e.
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Figure 2-2. The Global Carbon Cycle

(Adopted from IPCC 2001, 2007[53,54])

SOC mapping is highly variable in terms of total carbon estinsébesd in vegetation vs. in the
soil and root systems. The highest stores are found in the boreal and tropical Rsgibleds
are especially high in soil carbon in the boreal areas, and yet often lumped together in estimates

from tropical peatlandre as as Of

or gjt 6, for exampl e.
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2.2 MODELING INDIRECT LAND USE CHANGES- GENERAL
METHODOLOGIES

Modeling GHGs resulting from ILUC requires quantifying how much land will be required,
where LUC are occurring, and what the carbon stocks of the land types are. This requires
detailed data on historical and future trendsrop growth and.UC paterns economic market

and pricefluctuations, and estimations of carbon stocks of converted Itnggically requires
linking agreeconomic models and emission factor databases to the outputs of more traditional
LCA models such aGREET or BESS, as stwn inFigure2-3. Agro-economic models use data
about agricultural trends to predict the amount and typ&J@f that will occurand the land

types they occur onThose results are linked to emission factor databases to quantify the amount
of GHG that will be released frothe vegetation, soil, and from foregone sequestration
Additionally, some type of time allocation is necegsa he models and databases available for
ILUC modeling are highlighted imable2-1. Each of the input models will be discussed further
as noted p Section in the table.

Direct Biofuel
Lifecycle GHG
Emissions

LCA Model

Biofuel policy +
aakz2o]| ¢
Net GHG
Econometric/ | LUC Emissions Time Annual ILUC
Agricultural BF database accounting GHG Emissiong
Model

Total Biofuel
Lifecycle Carbon
Intensity

Figure 2-3: Modeling flow to predict total biofuel lifecycle carbon intensity including ILUC.

Table 2-1: The models used, their key assumptions and outputs for estimating ILUC.

Type of Model Section of Report | Models Methods Outputs Key Inputs/
Assumptions
Econometric/ Section2.3 GTAP, FASOM, ?moe”;f ELEUC 1 A"JOE”; ch)b'ofue'
Agricultural Models FAPRI yp . a.a .1. &
conversions 1 Yield elasticity

Location of LUC 1 Price elasticity
9 Coproducts

9 Carbon Stock data

Emission Factor Section2.4 Woods Hole, How much GHGs ar istorical
Databases Winrock/ MODIS released per LUC l Hlstgrlca LUcC
location over a trends
period of time
Time accounting Chapter3 Amortization Allocation of one 1 Time horizon

time plus continuing
emissions over time

practices Fuel Warming

Potential

9 Discount Rate
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An introduction to the agreconomic models and emission factor databases wilidsented

first. Particular attention is made to models used in U.S. policies. In the following section, the
model implementation and linkage between databases will belsaséor each policy scenario
(EPA and LCFS). The results of the policies will then be compared, which will beaused
highlight differences between the modeling efforts, where possible. Time accounting practices
will be discussed in Chapter 3.

2.3 AGRO-ECONOMIC MODELS

In ILUC analysis, eonomic modelgan beused tgoredict how supply and demand changes of
energy crops affect global markets. Economic medpitesent economic equilibrium in which
supply equals demand. A change in the supply or ddrabcommodities moves the model out
of equilibrium, so the model adjusts new prices, and supply and demand to establish a new
economic equilibrium.There are two types of equilibriumodeling general equilibrium, in
which equilibrium is sought for th@hole economy with many interacting markets; and partial
equilibrium, which only analyzes a single market. In ILUC analysis,-agomomic models such
asthe Global Trade and Analysis Project (GTAP) by Purdue Univetbiyf-orest and
Agricultural SectoOptimization Model (FASOM), and the Food and Agricultural Policy
Research InstituteCenter for Agricultural and Rural Development (FARERARD), among
others are usedThese models have long been in use to analyze global agricultural economics
and resuling LUC, and have recently been adapted to prédidC for GHG analysis in
LCA.Changes in biofuel production volumes are inpuiredict how much land will be required
to compensate for the crop that has been displaced by the production of dibkmledelscan
predct the amount and type of land required, anespatially aggregated into different regions
to predict the location of LUC. The resultibyC canbe used in conjunction with emission
factor databases to determine tasultingGHGs

Agro-eamnomic models require numerous input assumptiges, input parameters such as crop
yields, price elasticitie®nd transformation elasticitiese used to predict price fluctuations of
agricultural commodities, and how those price changes influekt@ internationally.
Assumptions regardingrop yields andgield changes are critical to estimate the LUC. Itis
expected that some of the increased demand for crops can theanghintensification of

existing croplands, i.e., bgcreasing the yieldsThiscan be accomplished through
advancements in technology or application of additional fertiljzeingch would have an effect

on resulting ILUC emissions.Additionallgs lands expand, the yields of new laadsexpected

to be less than existing croplds(termedmarginal lands which describes the land brought into
production last and abandoned first due to its poor produg¢&@ify as we can assume that the
highest productivity lands are already seurhe productivity of new croplands in comparison to
existing croplands is a critical input factor that influences the amount of land required. Another
key input parameter, the transformation elastjdityits the ease of which one type of land is
convated to another, sib affects the total amount of land required, as well as the type. The
market response to price chan@asce elasticities) also strongly influersdde economic
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modeling resultsComparison®f the ayro-economic modelsised in U.S. glicies along with
inputs toseveral key assumptions are highlighte@atle2-2. Each of these models is
discussed further.

Table 2-2: Comparison of Agro-Economic models for LUC Analysis. (Modified from Unnasch CRC E-88
report, Table 5.3[4])

Model GTAP FAPRI FASOM

Application CARH.CFS EPA RFS2 EPA RFS2

Type: Global computational Globalpartial equilibrium | Partial equilibrium model
general equilibrium model model of agricultural of U.S. forestry and
(CGE) with explicit sector. agriculture incorporating
treatment of land. GHG emissions

Regions 18 international AEZs 54 International regions | 11 U.S. Regions

Fuel demand Biofuel shock with Demand for feedstock Demand for feedstock on
surrogate petoleum tax modeling of blend wall agricultural system
subsidy. price effects.

Price/ yield response 0.2-0.3 price/ yield 0.074 long run price/ yield No priceresponse

elasticity plus exogenous | elasticity
yield multiplier

Area/ yield response 0.66:0.75 area expansion | 0.977 area expansion Yield projections for new
multiplier multiplier land in U.S.

Coproduct treatment Feed ceproduct is DGS andBM are treated | DGS and SBM are treatec
subtracted from biefuel as separate agricultural | as separate agricultural
feedstock requirements | commodities commodities

Coproduct power New power for ag and Credit for power expd U.S. agricultural system

biorefineries included in | from biorefineries using | power modeled by FASOI
GREET calculations with | GREET emission factors | with addition of new

regional specific emission power consumption from
factors biorefineries
Carbon Accounting Emission factors from MODIS satellite data Endogenous, direct
Woods Hole database. combined with Whrock emission factors
analysis of land comparable to GREET.
conversion factors Land emissions from
CENTURY

A thorough review of the agreconomic models is outside the scope of this work. However,
some of the underlying assumptiomguts and outputs of the modelsedescribed below to

provide a basic understanding of their general capabilities and how they affect the overall ILUC
results. Additional details on the models were provided in CFR38.H]

2.3.1 GTAP

The Global Trade Analysis Project (GTAB)a computable general equilibrium model (CGE)
developed at Purdue University. The model uses a database congéobialgdata describing
bilateral trade patterns, production, consumption and intermediate use of commodities and
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services.It constrains primary production factors such as egpébor and land to model the
global economy.

Since its applicatiom biofuel LCA, the model has been continually updated to more accurately
model biofuel and biofuel crop markets. The most recent database for LUC modeling is the
GTAP Version 7 Land Use Daltase which includes land cover data by land type and-agro
ecological zone (AEZ) for the year 2004. The GTAP model has also been improved for the
treatment of biofuels and by products, called GTBIP.[57] The database has been modified to
include data on production, consumption and trade of biofuels including grain based ethanol,
sugarcane ethanol, and biodiesel from oilseeds. Tyner has updated theB&GI Adel
(GTAP-BIO-ADV) for recent work to improvéhe analysis of corn ethan@]

GTAP uses a Constant Elasticity of Transformation (CEppBufunction to estimate the supply
of land across cropland, forestry, and grazing I1§®8]The CET function used in GTAP is based
entirely on U.S. data, but is applied to all the world regions.

The input parameters to GTAP for modeliddC include:

1 Baseline year

1 Fuel production increase

1 Land use analysishe chage in biofuel production expected in response to policy.

1 Crop yield elasticity: which defines how much a crop yield will increase in response to a
price increase (as prices increase, farmers have more incentive to intensify production of
their existing cops). A higher elasticity means a greater yield increase in response to a
price increase

1 Elasticity of crop yields with respect to area expansy@ids on newly converted land
will be lower than corresponding yields on existing crop land.

1 Elasticity ofharvested acreage response: the extent to which land cost changes affect
changes of cropping patterns on existing agricultural lands

1 Elasticity of land transformation across croplapdsture and forest land: tagtent of
which types of lands change.

1 Trade elasticity of crops: expresthe likelihood of substitution among imports from all
available exporters.

GTAP can be usetb predictLUCin 18 agricultural economic zones (AEaNd 19 regions
worldwide.The CET function is used to predict how muchdlatransferred between forests,
pastures and croplands, and its LUC outputs are the area of land converted under each category.

It has been noted that becaus& AP simulates a land scarcity regime, in which biofuel demand
results in new land to be clear (rather than a net land surplus regime in which increased
demand for biofuels would resuih less land reversion), the methodology is flawed, and should
instead be able to account for the possibility of a net reduction in total agricultura[5%ds
However, historic patterns show that demand for biofuel crops has edtpiatd improvements,
so corn and soybean production are likely to be in the land scarcity regime in the near term.
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GTAP is used by CARB to modBlUC as part of its LCFS, and results of these modeling

efforts will be discussed further in Sectid®s. Since its use in CARB analysis, Tyner and others

at Purdue University have been working to update the models to more accurately reflect biofuels
markets[5,60] These revisions to the GTAP model and the tegplLUC estimatewill be

discussed irbectior?.5.4.2

2.3.2 FASOM

The Forest and Agricultural Sector Optimization Model (FASOM) is a dynamic, nonlinear
programming model of the forest and agriculturet@es in the United States. It is a partial
equilibrium model that accounts for land competitdom response to changing prices, and
simulates land use interactions to predict the types of land converted in tRASCBJ utilizes
data about crop inputs bwild crop budgets which include data on yields, fertilizer, chemicals
and energy use needed to grow crops in each of 11 market regions and &g The use

of FASOM enables determination of secondary impacts such as crop switching, movements
between cropland and pasture, movements between agricultural land and forestland, and
reductions in equilibrium quantities of agricultural and forest commodities due to higher prices.
It also accounts for changes in primary GHGs {@®l,, and NO) from agriwltural activities

and tracks carbon sequestration and losses over[6dje.

FASOM simulates a dynamic baseline and changes from that baseline in response to policy. It
covers the 48 contiguous States, broken inteuiBregiongor agricultural production and 11
market regions, and tracks over 2,000 production possibilitieseldrdrops, livestock and
renewable fuel. All croplad, pastureland, rangeland gmdsate timberland throughout the
conterminous U.S. are included, and land is allowed to move between categories with some
limited restrictions.FASOM includes a represefitan of seven different land use categories
including:

1 Cropland actively managed cropland wktor traditional (corn and sdwnd dedicated
energy crops

1 Croplandpasture (CP)managed pasture land used for livestock production, but which
can also be comrted to cropland production

1 Forestlandincludes a number of subcategories, and in which the number of acres of
reforested, afforested and total area on public land is continually tracked

1 Forestpasture unmanaged pasture with varying amounts of treeicthat can be used
for livestock or timber harvest.

1 Rangelandunmanaged land that can be usety for livestock grazing

Developed landhigh-value urban land.

91 Acres enrolled in the Conservation Reserve Program (@RR9rally marginal cropland
retiredfrom production and converted to vegetative cover.

=

The output of the model includes changes in total dom@s$i®: ) agricultural sector fertilizer,
energy use, and livestock (due tanages in animékeed prices), as well as changes to [@hd.
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FASOM model i:=ndogenoushinked to other models such as DAYCENT/ CENTURY and
FORCARB models.

The DAYCENT/ CENTURY modesimulates the fluxes of C and N among the atmosphere,
vegetation and solil. It can be used to predict daityal fluxesl,O, NG, N;), CO; flux from
soil respiration, soil organic C and N, net primary production of plan@,and NQleaching,
and other environmental paramet¢é2]

FORCARSB is a simulation model used to estimate carbon budgets in the U.S. forest siystem.
produces national carbon inventories, partitioned into forest soils, trees, understory and forest
floor vegetation, and C in harvested produ¢€s]

FASOM utilizes both of these modelsdndogenouslgstimate GHGs from its simulatét)C.
The total GHGs fronbUC are dependent on tlebanges to agricultural soil carbon angDN
determinedand changes to abovand belowground and soil carbon stock in the forestry sector.

The agricultural soil GHGs are estitaed through the DAYCENT/ CENTURYhodel, which is
based orfactors for different types of crops, management practices@meersion effects.
Carbon soil storage is basedtbe intensity of agricultural tillageghe rrigation statusrelative
abundance of grasslandsdthe mix of annual versus perenniaops The model also yields
changes fronN,O in pastureland andapped soil

Forest carbon changes are estimated within
FORCARB model by the U.S. Forest Service. The module tracks changes inatmbbelow
ground C in both continuous and afforested forestlzasigvell asn forest products.The

evaluation of GHG emissions from domestic forests includes tree carbon, soil carbon, forest
floor carbon, understory vegetation, and carbon in harvested logs.

FASOM is used in the ERRFS2 LUC analyses to predict theJC occurringwithin the U.S.
Additional results and discussion of the modeling is given in Se2toh.2

2.3.3 FAPRI-CARD

The FAPRICARD model is a global agricultural model tltan be used to examine land use
fluctuations in response to renewable fuel policies. It is a system of econometric models
including multirmarket, partial equilibrium, and nespatial econometric models that cover all
major temperate crops, sugar, etladairy and livestock and meat products for all major
producing and consuming countriég]. It projects how policy or economic shocks will affect
agricultural commodity markets and land areas used to produce those agricultural goods.

FAPRI accounts for several key parameters that affect the amoltt©fincluding: crop yield

growth rates over time, price induced crop yield changes, crop yields on marginal/ new lands, the

efficiency of renewable fuel cproducts over time, supply and demand in the livestock sector,
and other variables.
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Determination of the location &UC is a critical factor in ILUC sincéhat carbon stored in
vegetation and soil, and theref@&lG emissionscan vary significantly by region. The FARRI
CARD model predicts changes in both annual and perennial croamellaas changes to
pastureland for 54 regiorgshown in Appendix ATheinputs andutputs of the modelre

shown inTable2-3andnclude changes in crop acrésAPRI includes both an international and
a U.S. domestic module.

Table 2-3: FAPRI-CARD Model Description: Source:[64]

Exogenous Variables Population, GDP. GDP Deflators. Exchange Rates. Policy Variables

Endogenous Variables Production. Consumption. Exports. Imports. Stocks. World and Domestic
Prices

Commodity Coverage Grains: Corn. Wheat. Sorghum. Barley. Oats. and Other Grains

Oilseeds: Soybeans, Rapeseed. Sunflower, Palm. and Other Oilseeds
Livestock: Beef. Pork. Poultry, and Other Livestock Products

Dairy: Milk. Cheese. Butter, and Other Dairy Products

Sugar

Biofuels: Ethanol. Biodiesel

Major Countries/Regions North America: United States, Canada, Mexico
South America: Argentina. Brazil. etc.

Asia: China. Japan. India. Malaysia. etc.
Africa; South Africa. Egypt. Nigeria. etc.
Europe: European Union. Russia. Ukraine, etc.
Oceania: Australia, New Zealand

Output by Commodity and World Prices. Domestic Prices. Production. Consumption. Net Trade.
Country Stocks, Area Harvested, Yield

FAPRI is used in the EPA RFS2 analysis to predict internatlobil in both crop and pasture

land for each fuel scenario (i.e. corn ethanol, soy biollissgarcane ethanol, or switch grass
ethanol)Only the results from the international module are used in the EPA RFS2. Domestic

LUC is predicted by FASOM. In the RFS2, the changes in crop and pasture dagage
FAPRIareused in conjunction with the Winrock EF database to predict the international LUC.
FAPRI results are also used to predict other
emissions, and international rice methane emissidmeslinkage betweeother models in the

RFS2 and results from modeling efforts are discussed in Se2tibisland?2.6.

2.4 EMISSION FACTOR DATABASES

As lands are converted from one use to another, a large release of GHG emissions can occur for
carbon contained in vegetation that is removed or from soil that is distubloetikionally, there

may ke lost opportunity of carbon sequestration that would have been provided by growing
vegetation.The area of. UC predicted by the economic modebn bdinked to emission

factors to determine the net release of GHGs associated with the land conver&io®. policy
analysis CARB uses the GTAP model linked to the Woods Hole emission factor databases to
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predid ILUC emissions. The EPA uses the FAPRI model linked to the Winrock carbon stock
database to predict international ILUC emissj@amluseshe FASOM model, which contas a
DAYCENT/ CENTURY moduleto determine domestic ILUC emissions.

The amount of GHG emissions from land conversions degdezalily on the location of the

land, as well as the beginning and ending landstyjfimission factor dabases, such &goods

Hole Emission Factor database and the Winrock Carbon Stotkin relevant carbon stock
datathat, along with the land use conversion types predicted by theeagnomic models, allow

for the quantification of GHGs from LUC. Thesw®o primarydatabases are described in more
detail in this sectionAdditional details on how these emission factor databases are linked to the
econometric models within each policy model are describ&aation2.5.

The emissions associated with LUC can continue to be released over a period of time, which
must also be considered when determining emission factors. The time allocation of ILUC
emissions are discuss in more detaih Chapte8. However, the time period selected also
affects the emission factddince both CARB and EPA have settled on &&8&r emission factor,
that time frame will be discussed below.

2.4.1 WOODS HOLE

TheWoods Holeemission factor databass presented byearchingefl]is based on research

done byR.A. Houghton atthe Woods Hole Oceanographic Instit(ié®5,66,9] The data

discussed hereiarepresented in Searchinger supplemental materialhavebeen revised into

Excel™ tables by CARBn ther ILUC analysis[1,67] The datardromHought onés r es e :
on carbon flux due tatUC based on historical trends from 185990[68]. Carbon fluxes in C

ha due to anthropogenic activities are presented for vegetation, soils and lost sequestration for
multiple ecosystem types within 10 world regions as showiabie2-4. The carbon flux data

areconverted to emission factoigiven ing CQ,, qha'by the ratio of the mass GPer gram of

Carbon (44/127 weighted 3@year emission factas then calculatebdasednthe following

data contained within the database:

Historical Land Use Clearing by Ecosystem Type

For each ecosystem type within each of the 10 regions, the amount of historical land @learing
hectares) n t he 199006s as an 46b,9[theahalysiyof Ikhdonvgreidn® n i s
included clearing of natural ecosystems for croplands and pasture, and thenaiemtduf

cleared lands followed by recovery of original vegetation and ®wokh the EU and the Former

Soviet Union(FSU)experienced a a@éne in croplandinth@® 06 s, whi |l e t he r ema
experienced an increase in croplands. The total laatioh in a region is used to calculate a

weighted average emission from each of the ecosystems types for each region. Additienally, t
ecosystems are classified as either forests or grasgsolicated iTable2-4), so the total

clearing by land type can be summed to give a weighting factor for either conversion from

forests or grasslands.
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Carbon in Vegetation

The ecosystemwithin each regiomave correspondg data about how mudarbonis stored in
live vegetation, as shown fable2-4.The data presented the Table are ranges giobal and
regional vegetatiariThe values include both abewand belowground live biomass of trees and

ground covef66]

Table 2-4: World Regions and Ecosystem types for Woods Hole data with corresponding carbon stocks in
vegetation and soil. The classification of ecosystems type is designated as (F) for forest or (G) for

grassland.
Carbon in
Vegetation Soil Carbon
World Wide Region Ecosystem Type Mg C/ha Mg ¢/ ha

1. Europe Boreal Fores(F) 90 206

2. Pacifideveloped Broadleaf ForesfF) 150 150

3. Former Soviet Union ChaparralG) 40 80

4. N. Africa/ Middle East Coniferous Mountain foreqt) 150 100

5. Canada Coniferous Pacific Fore@t) 200 160

6. United States Desert(G) 6 58

7. Latin America Desert Scrul§G) 3 58

8. South and SE Asia GrasslandG) 10 42-80

9. Africa Mixed Fores(F) 170 160

10. India/ China/ Pakistan Montane ForestF) 80 100
Open Fores(F) 60 50
ShrublandG) 5 30
Temperate Deciduous Forg$t) 120135 134
Temperate Evergreen Forg$i) 160 134
Temperate Grasslan@) 7 189
Temperate Seasonal Foré&) 100 134
Temperate WoodlangF) 27 69
Tropical Dry ForegF) 13 70
Tropical Evergreen Fore@t) 160-200 98134
Tropical Grasslan() 18 42
Tropical Moist ForegtF) 60-250 115120
Tropical Open ForegF) 55 69
Tropical Rain Fore$F) 127 190
Tropical Seasonal Forg$t) 140-150 80-98
Tropical WoodlandF) 27 69
Tundra(N/A) 5 165
Woodland(F) 90 90

Soil carbon

Soil carbon data provided in the Woods Hole database also corresponds to ecosystem type as

shown inTable2-4. The soil carbomprovided is thenitial carbon stockmesaured to 1 m depth
for each ecosystem typi@6]It is estimated that about 25% of the carbon is lost to the
atmosphere h cultivation, although the rate of loss depends on the ecosystem (based on

research i69,70,71).
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Foregone Sequestration in Forests

There are two types of foregone sequestration cereidn the Woods Hole database:t{i®
lost opportunity ér CO, uptake by existing forés once they are converted to other sgsake
of existing forests)and (2)the lost opportunity from rgrowing forests in lands in which
cropland is retracting (uptake ofgeowing foresty which is considered for the EU and the
FSU.

To determine tl foregone emissions, the database includes both the total landezeaf
growing forestgin ha), land area cover of 1growing forests (in ha) of a particular ecosystem
type, ancemission facta (EFgiven in Mg C yeat) for each type of ecosystem. The annual
emissions from foregone sequestration are then the EF divided by the totalfareatofThis

is then multiplied by the number of years of foregone sequestration (30 years fpear HF).

Other issues with the database are describfbin One error includes information about the
soil carbon, which in previous reports was significantly higher due primarily to the &608&b

of the soil carbon was assumed to be lost in the earlier estimate versus approxirma®siyia5
the later estimate. The article states that &¥%generally appésto the upper 2@0 cm of the

Scheme 2-1: General equations to calculate 30-year EF from Woods Hole database
The 30 year emission factor from Woods Hole database is the sum of the carbon contained in the above
below ground vegetation, thearbon lost from the soil, and the number of years of foregone sequestration
weighted for each ecosystem within a region as shown in the equation below:

ERo_year Bo@F (07 Oyagar W2 Gigqiar U 2 Ogiosin d*(44/12)
i each ecosysta within a region
ERo year 30-year emission factor (in Mg G¢Y ha)
R Weighting factor for each ecosystem within the region.
Cleg Carbon in above and below ground vegetation (Mg C/ha)
X % of C in vegetation lost during land conversion
Geoil Carbon insoil (Mg C/ha)
y Loss of Carbon contained in the soil.
Goregone FOregone sequestration (Mg C/ha yr)
N number of uptake years (30 for a-3@ar emission factor)

44/12 gram CQ@ gram C

soil carbon, bu5%Ilossapplies to soil carbon at1m depth.
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The sum of the emissions from carbon in vegetation, lost soil carbon and foregone sequestration
are taken to give an emission factor for each ecosystem type within each region. The historical
LUC dataarethen used to weight the contributioheach into a single emission factor per
region.The emission factor in g C tis converted into g C£ha® by multiplying by 44/12 (the

ratio of the mass of CQo C). However, th&/oods Hole database is appligerently by

Searchinger, CARBand Tyrer,with each ugng the data to calculate a slightly different

emission factar The general equation is shownScheme2-1, and the application of the

equation is described for each of the studi€kaible2-5.

As described imTable2-5, CARB takes a similar approach to calculatingy@ar emission

factors as Searchinger. The primary differences are (1) CARB uses thechidtond use

clearing patterns to determine two EFs (one for conversion from forests, one from conversion
from grasslands), while Searchinger calculates a single weighted EF for each region; and, (2)
CARB assumes that 90% of the carbon in vegetationeaset upon land clearing, while
Searchinger assumes that 100 % is released.

Tyner, however, has taken a fairly different approach in applying the Woods Hole database.
Similar to CARB, Tyner also determines two weighted emission factors for conversion fro

forests and grasslands. However, he weights the data using the total forested area data, rather
than historical land clearing. Also, Tyner makes no assumption that the EU and FSU have
retracting croplands, and so applies the basic approach to soihdarily 25%) and foregone
sequestration as uptake avoided by existing forests. Additionally, he assumes only 75% of the
carbon in vegetation is lost during land conversion, and that the remaining 25% is stored in wood
products.

TheFigure2-4shows how these assumptions affect theg&fr EFs for each region for

conversion from forestd-{gure2-4-A) and grassland$-{gure2-4-B). Although Searchinger
calculates a single weighted EF for each region, enougladsteovided to determine EFer
conversion from forest and grassland to compatie those of CARB and Tynerigure2-4

shows that within each region, conversion from forest has a much higher emission factor than
conversion from grassland (note the differences in scale be®igeme2-4-A andFigure2-4-

B).

CARB generally uses slightly lower EFs than Searchinger, due as#uenedower percentage
of carbonemittedfrom vegetation. The EFs for EU and F3itk identical for Searchinger and
CARB.
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Table 2-5: Application of Woods Hole database in Searchinger, CARB and Tyner.

EF Component

Searchinger (2008)

CARBLCFS (2009)

Tyner (2010)

Weightingby
Ecosystem type

(F)

A single EF is calculated for
each region based on the
historical land clearing data
FNRBY (K Shedodpthn
each type of ecosystem
cleared within the region is
used toweight the final
emission factor

TwoEFsre calculated: one
for conversion from forests
and one from grasslands. TH
historical land clearing data
FNRY (i Kaeusedapn
determine the weighting
factors from the total area of
grassland and total area of
forestland cleared.

Two EFs are calculated: one
for conversion from forests
and one from grasslands. THh
total forested land area is
used to develop the
weighting facbrs for each
land type classification.

Carbon in 100% of the above and beloy 90 %is emitted 75%is emitted
Vegetation ground_ carbon is emitteda CARBItesIPCC defaults, No reference provided
) correction factor for Searchinger, Gué47] and D

Harvested Wood Products is Murty[72] ' ’ '

included, but not used. y
Carbon in Soil | For cropland expansion: 25% For cropland expansion: 25% 25% of soil carbon in all
) of carbon in soil is assumed { of carbon in soil is assumed { regions.

be lost.

For cropland retraction (in the
EU and FSuthe carbon gain
is calculated as 75% of the
original 25% carbon lost from
the initial conversion (i.e.
18.75%)

be lost.

For cropland retraction (in thé
EU and FStthe carbon gain
is calculated as 75% of the
original 25% carbon lost from
the initial conversion (i.e.
18.75%)

Time Period of
Foregone
Sequestration

30 years

30 years

30 years

Foregone
Sequestration

(Goregong

For cropland expansion: the
uptake per forest area (Mg C
ha'yr) is calculated by the
gross uptake/ forested area
(or grassland)

For cropland retraction (in the
EU and FSU): the uptake frof
re-growing forests is
calculated by the gross
uptake/ area of regrowing

forests (or grassland)

For cropland expansion: the
uptake per forest area (Mg C
ha'yr) is calculatedby the
gross uptake/ forested area
(or grassland)

For cropland retraction (in the
EU and FSU): the uptake frof
re-growing forests is
calculated by the gross
uptake/ area of regrowing

forests (or grassland)

Uptake per forest area (Mg G
ha'yr') iscalculated by the
gross uptake/ forested area
(or grassland)
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Figure 2-4: 30-year emission factors (in Mg COzha™) for Searchinger, CARB and Tyner for conversion from A)
forest and B) grassland.

Tyner, however, uses quite different EFs. In many cases, the forest conversion EF is actually
higher than the EF from Searchingearticularly for the EU and the FSU due to the differences
in foregone sequestration calculatemd differences; weighting However, applicaticsof
resultsfrom the Tyner study produ@ven more significant differencesswill be discussed

further inSection2.6.

2.4.2 WINROCK CARBON STOCK DATABASE

The Winrock emission factor databasendace

|T|\/|

workbook that can be used to calculate

emission factors for conversion or reversion factors from multiple land categbhegdatabase

is much more expansive than the Woods Holalekge, containing carbstock data for 8 land
classification categories f@55administrative units in 160 countrigg3]. The cabon stock

data for each of the 8 categories, which include forest, soil, grassland, cropland, savanna, shrub,
wetland, perennial and mixed, are given in tonsg,@ﬁh'l. 47uniqueemission factors for each of

the 755 regions can be calculated from theagsheet for either conversion or reversion of land
classifications as shown iFable2-6. (Note: some land conversion combinas are repeated in

this matrix, which arexcludedn the countHowever, same category conversions such as grass

to grass are included, resulting i BFs.)
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Table 2-6: Winrock Emission Factor Database carbon stock and conversion/ reversion categories.

From —> To
Forest Crop
Grass Grass
Savanna Savanna
Shrub Perennial
Wetland
Perennial
Mixed

The carbon stock data f8land classification categories contained in the spreadsheet are
described below.

1. Forest Carbon Stocks

Carbon stocks for abovground carbon in biomass are based on spatial maps of forest carbon
stocks compiled by Winrock International from several different data sources as sHeaguréen

2-5. In cases where beleground carbofi.e. contained in live rootsyas not included,

Winrock estimated it to be about 25% of the aboveground biomass. Spatially averaged forest
carbon stocks for above and below ground carbon is shofigtine 2-6.

Forest Carbon Stock Sources ™ Nabuus et ol

W Backard o 3l 2007
i Brown et al (2001)

B FAO FRA 2005

B Houghton et & 2007

. Myners ot ol 20010

Source [55]
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B Pac et al 2005

B Reusch and Gibbs 2007
B Saatchi ot al (i press)
0o data

Figure 2-5: Data sources used for estimating forest carbon stocks in Winrock emission factor analysis.
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Figure 2-6: Spatially averaged forest carbon stocks in above- and belowground biomass (in t CO, ha™) used
in the Winrock emission factor analysis. Source [55]

Il <50

Il 51-100
101-150
151 -242
243 -500

B 501-750

Il > 750

Figure 2-7: Soil carbon stocks in the top 30 cm of soil for each country and/or administrative unit as
calculated by Winrock from the World Harmonized Soil Database v.1.1. (Units in tons CO» ha'l). Source: [55]
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2. Soil Carbon Stocks

Soil carbon stocks data in the Winrock emission factor database are based on the Harmonized
Soil Map of the World, V.1.1. that was released in March, 2009. The mapkmaselsolution

grid cells and includes bulk density (g &rand carbon contef%C) in both the top 30 cm and

top meter of soil.Winrock determined carbon stocks in the top 30 cm of soil by multiplying the
volume of soil in a given hectare (3,000m3) by the bulk density and then by the carbon content to
derive an average soil carbaoek per hectare (t C B Soil carbon stocks by country or
administrative unit e illustrated inFigure2-7.

3. Cropland Carbon Stocks

Two types ofcropland are included in the Winrock emission factor database, annual cropland
(named cropland) and perennial cropland (named perennial).

Perennial crops include sugarcameloil palm only. Perennial crops in Malaysia and Indonesia
are assumed to bel pialm, which are assigned a carbon stock of 15 11@2 All other
countries are assumed to be sugarcane with a carbon stock of 44aCO

All annual cropland in all regions are assigned a carbon stock of 5t @$aCQ ha') based
on Table B of IPCCAgriculture, Forestry and Land Us&KOLU).

4. Grassland, Savanna and Shrubland

Carbon stocks for above and belowground biomass in grasslands, savanna and shrubland were
estimated from Table 6.4 from IPCC AFOLU, except Brazil, which is estimateddreariety

of literature sources. A proportional approach was used to estimate savanna and shrubland based
on the Brazil dataset, which indicated that crop stocks trends from grassland, savanna, to
shrubland in a ratio of 1 to 1.8 to 3.4. Grassland ds¢a in the Whrock databasareshown in
Figure2-8.

5. Wetland, Barren and Mixed Carbon Stocks

Wetland carbon stocks are calculated as the averagewdiland and grassland categories.
Barren lands are not included in the database, but are included in the corresponding MODIS
satellite data, so are assigned a value of 04H&® The mixed land cover category is an
average of carbon stocks in foredtrubland, grassland, and cropland.
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Figure 2-8: Grassland carbon stock estimates used in the Winrock emission factor analysis by country and
administrative unit. For savanna, multiply by 1.8. For shrubland, multiply by 3.4. Units in t CO> ha™.
Source:[55]

Emission factors are calctda within the databasky the sum of changes in abeand
belowground biomass carbon stocks, annual changes in soil carbon stocks on mineral soils,
annual emissions from peat drainage on peat soils cleared for agriculture, annual foregone forest
sequesttion, and nofCO, emissions resulting from land clearing by fire(Nand CH)

following IPCC recommendationg5] In addition to the carbon stock data described alibee,
database includesumeroudlags and factors for calculation of soil carbon emissifire
emissions from burning to cledre land, peat drainage emissions, and foregone sequestration
emissions. Thealculations for each of these contributionghi® emission factceiredescribed
inScheme2-2.

The changes in carbon stocks from conversion or reversion of land categories are calculated to
determine emission factors, which are estimated for year 0, yd&sahd years 280. These

annual factors are then used to determid@year emission factor for each administrative unit

in each conversion category.
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The spreadsheet can be used to deterprimssion factors for 47 land conversion or reversion
types ineach otthe administrative unitsT@ble2-6). Reversion factors indicate the carbon
uptake that occurs wheandis abandoned and left to revert to its original stdtee dateare
used in reverse to calculate the reversion emissvaitis the exception of reversion to forests.

Forest reversion emissioase
estimated to be the lower of the
annual foregone sequestration over
years or the initial forest carbon
stock.An example of the emission
factors for the admin unit Buenos
Aires in Argentina is given ifigure
2-9. (Note: same category
conversions are excluded. These
conversions include grass to grass,
savanna to savanna aperennial to
perennial, so 44 EFs are shown.) In
all cases except forest EFs, the
reversion EFs are estimated as the
reverse of the conversion EFs, wher
increase in biomass stocks occur in
year 1, and soil carbon stocks on
abandoned cropland are recovkre
over 20 years. For reversion of
forests it is assumed biomass
accumulates over the entire-géar

Mixed to Perennial

Mixed to Savanna

|

H Reversion ||

m Conversior]_|

Mixed to Grass

Mixed to Crop

Perennial to Crop

Wetland to Perennial

Wetland to Savanna

Wetland to Grassland

Wetland to Crop

Shrub to Perennial

Shrub to Savannal

Shrub to Grass

Shrub to Crop

Savanna to Perennia

Savanna to Crop,

Grass to Perennial

Grass to Savanna

Grass to Crop

Forest to Perennial

Forest to Savannal

Forest to Grass

Forest to Crop

-200.0 -150.0 -100.0 -50.0 0.0

50.0 100.0 150.0 200.0
30 year Emission Factor (t Gat)

period at a rate equal to the foregonr

Seq uestration rate.

The database yields 35,485 (47*755
EFs by land conversion and

Figure 2-9: 30-year emission factors for conversion and
reversion for each land category type for Buenos Aires,
Argentina. (Source: Winrock EF Database, 2009)

worldwide region.Therefore, ti is critical to understand which types and how much of each type

of land is converted or reverted in each administrative region in order to estimate a single
weighted emission factor. Additionally, since many countries are disaggregated into several
admnistrative regions, the land use conversion amounts and types must be applied to determine

a weighted emission factor for each country or region.
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ERo yea= Efear 0t 19 * ERear 119+ 10 * ERear 2080
Where:

ERear & NGoiomasst NCsoil ¥ NGoeat N Csequestration™ NGire
ERear 1167 NCsoil + NGoeat HNCsequestration

ERear 2080=NGoeat NCsequestration

Where,

ERo year 30-year emission factor [t Czcha'l]

ERearo  EF for emission occurring in year 0 from land transformation ft h}ﬁ]

ERear 110 EF for emissions occurring in years 1 through 19 after land transformation [hﬁ:’(])
EFRear 2080 EF for emissions occurring in years 20 through 80 after lamgfisamation [t C(;ha'l]

NGiomass Change in above and below ground carlstocks from the initial and final land categoti/forest

ncsoil

FLU

Fl

% peatlands is a value given for Indonesia and Malaysia only.

NGea Annual Peat Emissiomse calculated only if a flag the database indicates that the region has
peatlands (only Indonesia and Malaysia). These countries include a peat emission factoy ghiC(
tyrtand a % of peat land. The peat emission factor is the product of thesft ®@ha’ yr']

NGCequestration Lost forest equestrationis aconstantvalue for each region ranging from 0 to 8.2 t,0a@"
yr', and is only applied when forests are being converted.

NG  Fire emissions from burning to clear lanel applied only if land is converted to cropland, and fire is

Scheme 2-2

Winrock calculations for 30-year emission factors for each administrative unit
The 30year EF is calculated from EFs from year 0, yd#&, hnd years 280 as:

land is being converted, the starting carbon stock is reduced by the percentage of harvested wo
products (HWP) removefthis allows for consideration of HWP, although no data are currently
included for % of HWP from any lanft.zGha" yr']

Annual Soil Flyxwvhich occur®nly forconversion to croplands determined as follows]:

V6 (1q = 6ié‘ﬁf@‘;b;m£; l, OYR N1 % AQHED ) [t CO/ ha yr]
land use factor, which reflects the soil stock changes associated with conversion to cr@pidnd
ranges from 0.48 to 0.8 based on IPCC default values for different reenesg activities.

input factor, whiclepresents different levels of C input to soil fooptand, and is set to 1 for all
cases.

used to clear land. A flag in the database indicates if fire is used or not. If fire is used, the total
emissionsarethe sum ofCH, and NO emissions, which are each calculated by multipltfiegnitial
above ground biomass carbon stqrghich is indicative of the total amount of biomadsy the fire
combustion factol(R;e) specific to the type of land converted, and the fire,6HN,O emission factor
(CH_gr or NOggy That value is theconverted to of CQ,based on the IPCC 1§ear global
warming potential (21 and 310, respectivelNote that IPCC 1996 GWP values are usedive total
emissions due to burning in tons of g;@ha’l. Fire combustion factors, Geind NO emissionfactors
are given infable2-23 and are discussed in more detail in Secton.1.3

NGire = Grock* Fiire* (310* N,Oget+ 21*CH_EI)
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The Winrock database is used in conjunction with MODIS satellite data imagery to determine
emission factors for the EPA RFSEnages frorMODIS Version 5 land cover dataset from
20012007 with a 500 km resoluticare usd to determine historicdlUC for 79 land conversion
categories (which includes same category conversion such as grassland to §riassdaed

755 administration unit§he calculations to link the two databases are complex and are
described in more dait in Section2.5.1.1

2.5 LUC APPLICATION AND APPROACHES IN POLICIES

2.5.1 EPAT RENEWABLE FUEL STANDARD (RFS2)

The EPA employs an intricate linkage of numerous models and databases to determine the
carbon intensity of various fuels under the Renewable Fuel Standard (RFS2). Their approach is
illustrated inFigure2-10. It involves the use of two different agezonomic models to predict

both international and domestldJC. Each is linked to its own series of EF databases to
determine resulting emissionEmission factors from th6REET modehreused to determine

the cradlegrave LCA emissions, and MOVES is used for tailpipe emissidms methodologies,

data inputs, assumptions, etc. used in the EPA RFS2 analysis underwent substantial peer review
to ensurelte most accurate results possible. The results of many anahbesodeling efforis
including from the draft regulation and final regulation are docketed and available to the
public2Our analysis is from the information contained in these dogletaning to the final

regulation

To determine the ILUC emissions associated with each fuel, the results from a reference case, or
usual scenar.i [
volume targets. The change in eagblfvolume type is modeled individually to estimate the
changes attributable to that fuel. The fuel volume scenarios modeled are sH@abie: 7.

t he

Afbusi ness as

00, [

S

compared

Table 2-7: Fuel Volume Scenarios Considered in RFS2 in billions of gallons (FromTable 2.3-1 of EPA[2])

Reference Case| Control Case
Biofuel (Low Volume) (High Volume) | Change
Corn Ehanol 12.3 15.0 2.7
Switchgrass Cellulosic Ethanol 0 7.9 7.9
Corn Residue Cellulosic Ethanol 0 4.9 4.9
Imported Sugarcane Ethanol 0.6 2.2 1.6
Soybean Oil Biodiesel 0.1 0.6 0.5

2 public docket materials for the RFS2 are availablevatv.regulations.gownder the Docket ID: EPAIQ-OAR-
20050161. Additional updates in 2011 (for canola biodiesel) are also available under Docket HBI(EPAR-

20100133.
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Data Source / Model Used Biofuel Lifecycle GHG
Emission Category

Emission Factors
FAS%E;‘UE%;DMC —Ferilizer Use—»| GREET (upstream) |
DAYCENTISAINZO) |~y pomestic Farm Inputs and Fertilizer N20

Emission Factors
——Energy Use—#| GREET

_.—» Domestic Land Use Change

Ethanol |—Yields» | _Acreages | Emission Factors | —
Producticn Crop Changes ™| [PCC:/ DAYCENT —+» Domestic Rice Methane
Process |- =%
Products Livestock ___| Emission Factors Domestic L| k
I ————— [Domestic Livestoc
Changes 7| IFCC
Satellite Data | [ Emissien Factors | — International Land Use Change
FAPRI Economic Type of Land By land type
Modeling | Acreage/ - International Farm Inputs and Fertilizer N2O
Crop Changes Crop Input Data
Fariil 4L Emission Factors | ) :
Ethanol |—Yigld» ;nar;;'ﬁs’; GREET /IPCC ——* International Rice Methane
Produgtion Co-
Process Products” | Livestock Emission Factors | ) 3
Changes IPCC —————————» International Livestock
Data on Fuel and Mode and Emission Factors
e —
Feedstock Transport | Distance | GREET Fuel and Feedstock Transport

Ethancl Production | Energy EmissionFactors | ' Fuel Production
Process Use ~ 7|  GREET
Tailpips CH4 and N20O I oy Tailpipe
MOVES N

Figure 2-10: System boundaries and modeling flow chart for biofuel LCA in EPA RFS2. [2]

The resulting net carbon intensity of each fuel is the sum of all the outputs listed on the right
hand side oFigure2-10. In this analysis, wlocuson the results related tbUC, which include
bothdomestic and internationdlUC. The other fAdomestico and
(including farm inputs antertilizer N,O, rice methane and livestgcre considered as part of

the direct feedstock production emissions in the RFS2 LCA, so are not included in this analysis

The domestic and internationalUC are quantified by two separateodeling chainfomestic
ILUC is predictedoy FASOM (Forestry and Agricultural Sector Optimization Mogdg

outputs ofwhichincludedomestic agricultural sector energy and fertilizer use, changes in
number and type of livestock produced, and changes in total land lhisesendogenously
linked to IPCCDAYCENT and FORCARBemission factor databases to predict the total GHG
attributed to domestilt. UC.

InternationallLUC is modeled with the FAPRCARD model (Food and Agricultural Policy and
Researb Institute internatinal modeks maintained by the Center for Agricultural and Rural
Development at lowa State University). FAPBARD predicts the global land use and livestock
changesand land use typedts outputs are linked to emission factors generated from Winrock
International carbon stock data linked to MODIS satellite data of historicattanarsiotrends
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from 20022007.International andlomesticlLUC methodologiesdatabaseand resultare
described separately below.

2.5.1.1 International Land Use Change

Modeling of internationalLUC in EPA RFS2 is done through use of the FAPRI agronomic

model linked to the Winrock EF database, which is used in conjunction with MODIS satellite
data. The output data from each of the modalesincongruent, so variougoupings and
weightings are accomplished through the use of a stochastic hpd€F>. [74,75] The
stochastic moddirst applies a Monte Carlo simulation to the MODIS satellite datssess its
uncertainties and produce correctddC. ICF uses the results of the simulations to group the
satellite data into corresponding Winrock and FAPRI classifications. The linkage between these
three modelaind calculations within the stochastic model are described below

TheFAPRICARD international module results are applied in the EPA RFS2 analysis.
However, the results for the U.S. are included withimtloglule, so are discussed herein
although theéJ.S. GHG results are replaced by the FASOM modeling results discussed in the
next section.

The FAPRIFCARD model predicts changes in crop production acreages for 20 different types of
crops within 54 regions. It also determines the changes to units of livestock in each region,
which is related to livestock stocking rates to predict tianges to asture acreage. As shown

in Figure2-10, the crop acreage is linked to fertilizer use to determine international agricultural
and rice methane emissions. These simis are attributed to the agricultural production phase
of the feedstock, and are not considered part of the ILUC results. Additionally, the livestock
changes are linked to IPCC livestock emission factors to determine emissions from livestock.
For thispurpose, these will also be considered direct changes and will not be discussed in this
section.

ILUC is the changé crop and pasture area (given in ha) predicted by FAPRI for each of the 54
regions. The crop area changes are subsequently brokenrdoywerennial crops (which

include sugarcane and palm oil) and annual crops. Therefore, there are threealand are
classificationgannual, perennial and pastufei) each of the 54 regiorftotaling 162 data

pointg. The land area changes aneeg aseither a positive value (indicatirapn expansion of

that land typg or a negativédicating a retraction of land tyjp#

The land area changes must be linked to the emission factors, which are basedv@rsaon
between land categoriehe FAPRI modl does not predict changes to forests or natural
ecosystems, rather, camgion classification aredoneexogenously witlihe stochastianodel

3 Note: it is not clear that the final resultsr the stochastic model are used for the CI calculations included in the
final rule of the RFS2. However, the MODIS data and emission factors are available in the stochastic model to
discuss the methodologies that are followed for the weighting of BRsWinrock.

* FAPRI-CARD results from all scenarios are provided in the EPA public dockets aHEPAAR-20050161-

3153
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database’ The land conversiaare first assumed to be moved withand classifications from

FAPRI. Forexample, if pastureland is declinimgnile annual cropland is increasing, it is

assumed that the decrease in pastureland is converted to annual cropland. When there is greater
land expansion than retraction, the expansion is met through reduction &l patigystems.

This systematic approach gives the following different conversions, where a positive number
indicates a conversion to, and a negative number indicates a reversion from each category:

1 Annual crops to/ from perennial crops
Pasture to/from Pennial crops

Pasture to/from Annual crops

Natural ecosystems to/from Annual Crops
Natural ecosystems to/from Perennial Crops
1 Natural ecosystems to/from Pasture

E R B

Therefore, the FAPRI results yield a total of 12 land conversion types for each of the 54 region
(648 datgpointy. This matrix of land area changes (given in ha) must be linked to the
appropriate emission factors to calculate the GHGs from LUC.

Winrock dataare used to determine th€s;howevertheyprovide47 conversion categories for
755 admistrative units (yieldin@®5,485EFs TheseEFsmust be aggregated into an identically
sized matrix ofEFSrom the FAPRI outputo calculate the net GHG releasEhe aggregation is
done utilizing the MODIS satellite data to appropriately weight the exsinwn categories and
admin units into similar groupings for the FAPRI results. These aggregations are also done
within a stochastic modddy ICF International74,75]. A flow chart of the calculatiorend
linkage between FAPRI and Winrotkprovided inFigure2-11, and is described in detail

below.

TheMODIS data providg9 different land conversion categories doer 755 administrative
units (it includes the additionk&nd categoriesf barren lands and excluded lands, viahéce not
included he Winrock databas&he EFs from barren lands are assigned 0 ,geQﬁl).The

Monte Carlo simulation uses a confusion matrix to correct for land classes which tend to be
misclassified. Theorrected MODIS datarghenused to evaluatinhe types of land affected by
the projected land conversions in each scenario.

Conversion categoridfgsom MODIS matchinghose from the Winrock dataset are aggregated to
match the 12 conversion categories from the FAPRI model, as shdwableR-8. Four

additional conversion categories are included for conversion from Barren lands. Additionally,
Winrock does not calculate EFsr thereversion to Wetlands, and the conversion category of
perennial to perenni& excluded.MODIS data daot distinguish between annual and perennial

® The Stochastic model report and excel spreadsheets are available in the EPA public dockets under ID number
EPA-HQ-OAR-20050161-3152.
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cropland, so aefault of 95% conversion to annual and 5% conversion to perennial cragpland
applied

To determine a single weighted average conversion factor fortgaetof conversion within
eachregion, the 755 administrative units of the Winrock data are also aggregatédrAeRI
regiongas shown in AppendiR), and the 47 conversion factors are aggted into

corresponding 12 FAPRI conversion factfFable2-8). The net land use coefksion occurring

for one FAPRLlassification (i.e. natural tcmaual) within each individual FAPRI region is

summed to determine a land use share factor for each of the Winrock conversion classifications
and regions.

Thisland use share factas thenused to weight each of the emission factors from the Winrock
data, whiclcan then beummed into a single emission factor for each of the 12 conversion
categories and 54 FAPRI regiofi$ie matrix of emission factors is then applied to the output of
the FARRI results to provide an estimate of total GHGs from internatidutsC.

The results from each fuel scenario modeled are giv&éabie2-9. The resutis will be
discussed in more detail and compared to other modeling results in Se6tion
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Table 2-8: Conversion categories and groupings from FAPRI, Winrock and MODIS.

Note: Superscripts: M = conversion category in MODIS only (Barren lands);1 or 2 indicates duplicate
categories, 1 indicating its first use, and 2 indicating its second use; S= same category conversion such as
grassland to grassland. Excl. Indicates corresponding reversion category to Wetland from Winrock is

excluded.

Conversion Categories

Reversion Categories

FAPRI

Winrock/ MODIS

FAPRI

Winrock/ MODIS

1. Annual to Perennial

Croplands to Perennial

7. Perennial to Annual

Perennial to Croplands

2. Pasture to Perennial

Grasslands to Perenrial
Savanna to Perenntal

8. Perennial to Pasture

Perennial to Grasslands
Perennial to Savanha

3. Pasture to Annual

Grasslands to Croplasd
Savanna to Croplantls

9. Annual to Pasture

Croplands to Grasslands
Croplands to Savanha

4. Natural to Annual

Forestland to Croplands
Grasslands to Croplarfds
Mixed to Croplands
Savanna to Croplantls
Shrubland to Croplands
Wetland to Croplands
Barrento Cropland¥

10. Annual to Natural

Croplands to Forestland

Croplands to Grasslards

Croplands to Mixed

Croplands to Savanha

Croplands to Shrubland
Excl.

5. Natural to Perennial

Forestland to Perennial
Grasslands to Perennfal
Mixed to Perennial
Savanndo Perennidl
Shrubland to Perennial
Wetland to Perennial
Barren to Perenni¥l

11. Perennial to Natural

Perennial to Forestland

Perennial to Grasslands

Perennial to Mixed

Perennial to Savanfa

Perennial to Shrubland
Excl.

6. Natural to Pasture

Forestland to Grassldn
Grassland to Grasslarid
Mixed to Grassland
Savanna to Grassland
Shrubland to Grassland
Wetland to Grassland
Barren to Grasslarid
Forestland to Savanna
Grasslando Savannh
Mixed to Savanna
Savanna to Savanha
Shrubland tdGavanna
Wetland to Savanna
Barren to Savanfifa

12. Pasture to Natural

Grasslands to Forestland

Grassland to Grasslaid

Grasslands to Mixed

Grasslando Savanna

Grassland to Shrubland
Excl.

Savanna to Forestland

Savanna to Grasslarfds

Savanna to Mixed

Savanna to Savanfia

Savanna to Shrubland
Excl.
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Figure 2-11: Flow chart of model linkage and calculation flows for international ILUC modeling in the EPA
RFS2. The calculations within the stochastic model are shown within the dotted line.

Table 2-9: International ILUC and GHG results from each fuel scenario modeled in the RFS2.
Source: Table 2.4-29from[2Jland aut hordés calcul ations. ReslWCinghetbB.om FAPRI

Scenario International Crop Areg Normalized Crop Area | 30-year annualized GH(¢
Change Change from LUC
(000 ha) (habBTU" (kg CQeqmmBTU" yr')
Corn Ethanol 789 3.94 31.7
Soybased biodiesel 678 10.65 42.5
Sugarcane Ethanol 430 4.38 4.3
Switchgrass Ethanol 1,358 2.25 15.1
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2.5.1.2 Domestic Land Use Changes

The area of domestitUC in the EPA RFS2 are predicted by the FASOM mpdich is

internally linked with datérom the DAYCENT/ CENTURYand FORCARBModekto predict

the LUGGHGSs Since the LUC effects are interrelated for all fuels,d@nges in fuel volumes

for the complete policy ammodeled simuaneously to determine the total LUC. In order to

isolate thancremental impacts of each fuel, the other fuel volumes were held constant, and the
volume of the fuel investigated is decreased to its business as usual scenario as $holen in
2-10. The LUC effects attributed to each fuel are then the difference between the control case
and the fuebkpecific case.

Table 2-10: EPA RFS2 2022 Fuel Volumes modeled with FASOM for each fuel scenario (in billions of gallons)
Source: EPA- RFS2 Table 2.4-1[2]
Note: the shaded boxes represent the business as usual scenario, without EISA.

Corn Corn Switchgrass
Control Biodiesel Ethanol Stover Ethanol
Case Only Case Case Case Only Case
Soybean Biodiesel 0.6 0.1 0.6 0.6 0.6
Corn Ethanol 15.0 15.0 12.3 15.0 15.0
Corn Stover Ethanol 4.9 4.9 4.9 0.0 4.9
Switchgrass Ethanol 7.9 7.9 7.9 7.9 0.0

In the finalRFS2rule, FASOM was used to model changes in the soil carbon and biomass
carbon due to land use conversion between cropland, pasture, forestland and developed land.
Carbon sequestration is also considered, and FASOM includes consideration for carbon storage
that reaches equilibrium.

The details and reports from FASOM are asailable in the public dock&tSince the GHG
modeling is done within the FASOM model, it is difficult to interpret how the calculations are
performed Additionally, the data provided in the reports are difficult to link without a more
detailed explanation. For example, th@nges in domestic cropland area used for production in
the 2022 scenario apgovided inTable2-11. However, the data provided in the table, taken
from the RFS2 report (Table 226 in[2]) do not match the explanation provided in the text, or
the following figure, shan in Figure2-12, whichindicatesthat cropland increases by 0.9

million acres under the corn ethanol scenario, while cropland pasture decreases by 0.9 million
acresforestland decreases by 0.03 million acres and forest pasture increases by 0.2 million
acres The calculation of 3¢rear annualized GHG emissions for each scenalso,shown in
Table2-11, is negative, indicating that domeslidJC result in a decrease in GHG emissions. It

® RFS2 Dockets can be accessedhatv.regulations.qgov The FASOM Final Technical Repdétl] is available
under docket ID number ERAQ-OAR-200501613178, and the data from FASOM is available at Bff®-
OAR-200501613179.
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is not clear which emission factors are used to produce these,raadlthere is no explanation
for the reason of negative &sions

Table 2-11: Change in total domestic cropland used for production by scenario in the RFS2 in 2022 and

Millions of Acres

-1

-2

resulting GHG emissions. Source: [2] p 356 and p 367.

Scenario Total Cropand | Normalized Cropland Change in GHG due
Increase Increase (acres per to domestic LUC
(million acres) thousand gallons annualized over 30
ethanol equivalent) years (kg C&eq
mmBTUY)
Corn Ethanol 1.4 0.12 -4.0
Soybean Biodiesel 1.9 0.39 -8.9
Switchgrass Ethanol 4.2 0.04 -2.5
Corn Stover Ethanol 0.6 0.06 -10.8
W Developed Land
Rangeland
HCRP
Forestiand
W Forest Pasture

W Cropland

Corn Ethanol

Saoy Biodiesel

Switchgrass Bhanaol

Mote: Some of these land use categories are not used in GHG emission calculations

2.5.2 CALIFORNIA AIR RESOURCES BOARD- LOW CARBON FUEL STANDARD

Cal

Corn Stover Bhanaol

Figure 2-12: Changes in domestic land use by type for RFS2, 2022. Source:[2] p 358.

forni ads

Low Ca

rbon Fuel

Standard

B Cropland Pasture

(LCFS)

Executive Order $1-07 in January, 2007, approved in April 2009, and went into effect in
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January201Q[76] The LCFS requires a 10% reduction in CI of transportation fuels by 2020.
The reduction is measured through LCA, and inclutdeC.

In 2009,CARB developed ClI lockip tables for numerous fuel pathways before thaledion

went into effect on January 12, 20IBe biofuel pathways include corn ethanol, sugarcane

et hanol , and soy biodiesel. The Adirecto emi
the GREET modeddapted for California and t h e Ciemissidns wezeartodeled blised

on methodologies followed by Searchinger using the GTAP economic mod¢heMfoods

Hole database.

An expert workgroup consisting of 30 members was established in February 2010 to review and
reflect on the LCFS. In ApriR010, Purdue published a revised GTAP analysis of LUC for
Argonne that resulted ith,to /5 the amount of GHG emissions from ILUC originally predicted

by CARB[5]. After review of this work, the expert workgroup recommended that CARB update
their ILUC to address the following@6]:

1 GTAP model updates by Tyner (Tyner 2010)

1 Use a consistent model version and inputs for all biofuel pathways

1 Reevaluate DDGS cproduct credit

1 Develop a more comprehensive and spatially explicit set of carbon stocks and emission
factors

1 Gain a betteunderstanding how food consumption is predicted

1 Justify or adjust the time accounting methodology

1 Improve and update the land pools considered accessible in GTAP

91 Address the indirect effects of other transportation fuels.

CARB has since been working Witlevelopers of the GTAP model at Purdue University and
others to improve the analysis of LUC. The GTAP model has been updated to specifically
include biofuels (GTAFBIO), and researchers have revised inputs to reflect current economic
fluctuations. Addionally, CARB is moving away from using the coarse Woods Hole database
for emission factorg working with researchers to develop improved maps of forest, pasture and
cropland cover datand is adopting the Harmonized World Soils Database (HWSD). Howev
CARB is still in the preliminary and review phases of updating its Cl values for LUC, and is
working toward having new numbers by theldle of 2012

In the following sectionsthe current methodology is described, followed by updates for the
targetel methodology.
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2.5.2.1 Current CARB Methodology

Il n the fuel pat hways cur r en'tilUgismpadded theuge d i n
linking the Woods Hole database witbhiC predictions from the GTAP economic model

The GTAP model determingise landchangegin ha)in pasture, cropland and forests withi®
different regionsn response to policy chang®&gs or the ethanol, soy and sugarcane pathways,
15 billion gallons 995 milliongallons, an@ billion gallons are modeled, respectivelyne land
area output of the GTAP model is linked to EFs developed from the Woods Hole Database.

CARB uses the Woods Hole database to determine emission factors in Mgn&@ver a 30
year time periods for the conversion of:

91 Forest lost (to crops)
1 Forest gainedfrom pasture)
1 Grassland lodapplied to livestock and pasture conversions)

Emissions from cropland are assigri€dMgCO;, echallyeafl. The Woods Hole database

includes only 10 regions, so are matched to the GTAP AEZs as shdwbleR?-12 The f Rest
of Worldo region in Woods Hole is deflher mi ned
emission factorare multiplied by the land area output from GTAP for a specific type of

conversion to determine the net GHGs fribtdC.

Table 2-12: GTAP regions and their corresponding Woods Hole Regions in CARB.

GTARRegion Woods Hole Region
United States United States
Canada Canada
European Union27 Europe
Rest of Europe
Brazil Latin America

Latin American Exporters
Rest of Latin America

India China India Pakistan
China and Hong Kong

Soviet UnionRussia FormerSoviet Union
Oceania Developed Pacific
Middle Eastern and North Africa | North Africa / Mid. East
SubSaharan Africa Africa

Rest of Africa

South Asia Southeast Asia

Rest of Asia

Rest of High Income Asia Rest of World

Japan

" Lookup tables for Cl values used in the LCFS are publishetmatwww.arb.ca.gov/fuels/Icfs/Icfs.htn€Cl values
discussed herein were last updated on February 24, 2011.
8 GTAP includes 19 regions, yet only 18 of them are reflected in the Woods Hole spreadsheet published by CARB.
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Figure 2-13: Schematic of CARB ILUC modeling database flow.

Although the LCFS underwent peer review, datasets for each fuel pathway are not as detailed as
those provided by the EPAData and reports are scatteredriany locations, including the Staff
Report[77] andits appendice$§78], as well as documents for each of the individual pathways
[79,80,81,82] However, there have been revisions and updates to individual pathmhgsw
documents have been published for those revisions (for example, updatd€tanalysis for
soy-biodiesel on 01/29/2010 are published on the LCFS wdBS8itg but the initial staff report

has not been updated. Much of the calculations, data and descriptions for ILUC maxeling
distributed throghout the documentation, anesults frondifferent pathways are presented in
different locations. For those reports that are available, the level of detail of the results is
minimal. For example, the ILUC modeling for corn ethanol is provided in Chiptdrthe

staff report. The documentation provides some key sensitivity analysis inputsl@nesults

from each. Th&UC is only segregated by forest and pasture converted within the U.S. and total
land converted globii. It does not provide detailgésults forthe internationalocation ofLUC.
Additionally, the CI valusused in the lookup tables for LUGiredetermined as averagef

scenarios in the sensitivity analysiBetails on the distribution of Cl aret available (or at

least, we canndind them). To estimate the breakdown of LUC and CI by locafimncorn

ethanolin Section2.6, results presented in Hertel are ysgtichis the study that much of the

CARB results are based .dB84]Similar studies for other fuel pathways are not available.

It is therefore difficult to trace the calculations to compare the emission factors applied in the
ILUC analysis. ArExcel™ spreadsheet of CARB calculation of EFfom the Woods Hole
databasés available[67]. The EFs provided in that spreadsheet are used forar@mopwith

other studies. Howevevithout additional informationi is not clear how these EFs are applied
to GTAP results.Overall results from each of the fuel pathw&ysCaliforniaare provided in
Table2-13 below.The breakdown of results will be discussed in more detail in Sezion
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Table 2-13: LUC and Cl results from C AR B 6GFS.

Volume modeled Total LUC ILUCGCI
Fuel Pathway (billion gallons) (million ha) (9 CQeqMJY)
Corn Ethand]77] 13.25 3.89 30
Sugarcane Ethan@l7] 2 1.09 46
Soy BiodiesqB3] 0.995 0.94 66

2.5.2.2 Updates to CARB ILUC Analysis in 2011

The revisions to CARBO6s |1 LUC values were infl
update the GTAP modéb include data specific for biofu¢tg. Tyne(d8csissadans ul t s
more detail infSedion 2.5.4.9 showed that updates to the GTAP model predicted consigerabl

lower ILUC emissions than previously estimated by CAR&cently CARB has been working

with Tyner and others at Purdue to incorporate the updated GTAP model into the LCFS policy.
Additionally, they have been working with others at UC Berkeley (Plevin}taridniversity of

Wisconsin, Madison (Gibbs) to produce a completely arbon stock database to predict

emission factors that are specificallyteteed to the GTAP outputCARB isworking tofinalize

these changeandget them approved into regulatiopnbid-2012.

Changes and updates to the GTAP model have continually been made since CARB initially used

it to model ILUC for the current CI loelp tables.The revised approach to ILUC still uses the

GTAP model to predict the larmbnversionsvithin the categories afropland, forest and

pastureland. However, they are working to include updates to the model as they were presented

in Tynerds report as well as addi t [560. dnl updat
the newest version, the GTAP model has been revised with:

1 Updaed energy elasticities

Improved treatment of DDGS

Separation of sofrom other seeds and oils

Modified model structure for livestock sector

Revised land corersion factor for new cropland

Incorporate croplangasture for US and Brazil and CRP for US (however, CRP is not
used)

1 Endogenous yield adjustment for cropland paestu

1 Greater flexibility in copland switching

= =4 4 -4

Although the modifications have not yet been adopted into a final Cl number for the LCFS
lookup tables, CARB has presented a preliminary sensitivity to some of the parameter changes
within the GTAP model[85] Parameter modifications include: yightice elasticitiesghanged

from 0.25 to 0.10which results in an increased)drop transformatiofchangedrom 0.5 to

0.75, which slightly reduces the CI for all biofuel pathwagsopland pasture yield adjustment
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(which reduces the CI for all biofuel pathwgysndchanging the food constant for the
developing worldwhichincreases the ClI for all fuel pathys.

The GTAP LUC results will then be linked to updated soil and biomass carbon stock estimates,
rather than to the EFs from the Woods Hole Database. Researchers at University of Wisconsin
Madison are working to develop revisgelographically explicitarbon stock datdnatare

compatible with GTARB6]. The database will provideeighted average soil and biomass

carbon f@ 203 unique regions, which are the combination of 19 GTAP regions and 18 AEZs as
shown inFigure2-14.
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Figure 2-14: GTAP Regions combined with AEZs result in 203 unique regions. Source: [87]

The soilcarbon stock data for these regi@mebased on the Harmonized World Soil Database
(HWSD) combined with cropland, forest and pasturesnape HWSD database prioes

estimates of soil carbon to both 30 cm depth and 100 cm depths. The analysis of carbon stocks is
based on the 30 cm depth datasdbllow IPCC Additionally, forest biomass carbon stocks are
estimated with a combination of datasourdése databasconsiders carbon pools in abesaad
belowground biomass, soil carbon, litter, understory, harvested wood products and dead
wood87].

The LUC output from GTAP is combined with the carbon stock data using andExEzodel,
as showrfigure2-15 below.
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Figure 2-15: AEZ-EF model to combine LUC results from GTAP with carbon stock data to predict total GHG
emissions from LUC.Source: [87]

No results have yet been published from this revised CARB work. However, draft reports of the
changes are available, along with presentations at the CARB LCFS weBsitiemmary of the
changes in comparison to theepious approach is shownTable2-14.

Table 2-14: Comparison of revised CARB model to predict ILUC to original approach. Source: [87]

Prior Model New Model

Basis Searchinger et al. 2008 Newly developed

Carbon Stocks| Woods Hole data for 10 regions | Gibbs & Yui (2011) data for 203
AEZregion combinations

2 KI 1 Qa | Landcover types at agricultural | Average C stock in each AEZ reg

represented frontier combination

Soilemissions | 25% of top 100 cm Variable by regions; IPCC metho
(30 cm)

Conversion Forest and grassland to cropland| 8 transitions among forest,

sequences pasture, cropland and cropland
pasture

Other - Non CQ emissions. Peatland in

Indonesia/ Malaysia.

2.5.3 EUROPEAN UNION- RENEWABLE ENERGY DIRECTIVE

In 2009, the European Commission adopted the most recent Renewable Energy Directive (RED),
which includes a 10% target for renewable energy in transport fuels by 2020. This also includes
a minimum rate of direct GHG savings and restrictions on type dftteat can be converted to
produce biofuel feedstocks. The revised Fuel Quality Directive (FQD), adopted at the same

° The presentations and draft report€#RB are available atww.arb.ca.gov/fuels/Icfs/Icfs.htm
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time as the RED, includes sustainability criteria and targets a reductionéydleeGHGs from
biofuelsof 6% by 2020.

ILUC have yenot been included in the ERED. However, the European Commission
launched several studies in order to more fully understand the implicatibid@fand how to
include it in sustainability criteria. In 2009, four studies were carried out by the B@lirey
ILUC:

1. An assessment of existing modeling activities (JF38)

2. A study using the AGRI/OECD partial equilibrium AgriLink mod&®]

3. A literature reviewj27]

4. A general equilibrium model using GTAP and MIRAGE to detearthe impacts on
international trade and land use of the EU biofuels pdigy.

A brief description of each of these studies is provided below. The fourth study is the primary
study to assess the GHG impact of ILUC from the EU policy.

2.5.3.1 EU Study to Assess Existing Modeling Activities

The EU conmissioned a study to compare ILUC results of marginal increases in biofuel
production from different economic models. It compared results from:

' AGLINK-COSIMO (from OECD)
CARD (from FAPRI)

IMPACT (from IFPRI)

GTAP (from Purdue)

LEI-TAP (from LEI)

1 CAPRI (from LEI)

= =4 =4 4

For each of the following scenarios:

1 Marginal extra ethanol demand in the EU

1 Marginal extra biodiesel demand in the EU

1 Marginal extra ethanol demand in the US

1 Marginal extra palm oil demand in the EU (for biodiesel or pure plant oil use)

Land area results are compared on a kHa/ Mtoe basis.

2.5.3.2 Study Using AGRI/ OECD Partial Equilibrium Model

As part of the EC assessmehtiLUC, the Institute for Prospective Technological Studies
(IPTS) carried out an analysis of the results of severat@agyoomic impact models. The study
compares the results from three models: AGLINKRSIMO, ESIM, and CAPRI. Each of the
agroeconomic modelsa partialequilibrium modebesigned for simulating policy changes in
the agricultural sector. In each case,lmlels are used to compare a baseline scefiario
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which the EU biofuel policy for 2020 isineffgct t o a fAcount iewhicarmt ual 6 sc
biofuel policy is ineffectto drive supply and demahnd

The primary results of the modeling efforts provédeomparison in effects of biofuel and
feedstock prices and trading. The simulation results provided in the report etdimlate
conversiondy crop type for each modslrelevant regions. However, the GHGs from the LUC
estimates are not predicted, e modeling resultare not discussed in detail.

2.5.3.3 EU Literature review of LUC studies

A comprehensive literature review lflUC modeling efforts was undertaken by DG Energy for
the European Commission. The literature review concentrates on compariegsstodi
methodological and data choices, rather than results. Over 20 modeling exercises were
reviewed;however, many studies lacked the detail required for extensive comparisons.

2.5.3.4 IFPRI ILUC GHG Assessment

The fourth study is the primary study assessingripact of EU policlLUC. It was conducted

by IFPRI and CEPII to investigate a 5.6% share of biofuels use in the trassgiort undea
businessasusual scenario and under different trade policy scemaResults are compared

against a baseline sceimawhich uses the latest energy and economic data from IEA and OECD.
The study is used to assess the potential impacts on production and trade under alternative fuel
policies, as well as other land use and environmental impacts.

Model and database description

The MIRAGE modelis used for the studyvhich is a CGE model developed at CEPII for trade
policy analysis, and modified by IFPRI to address economic and environmental impacts of
biofuel policies. It relies on the GTAP 7 databémeglobal economywide data. The MIRAGE
model allows energy sector modeling, fertilizer modeling, biofuels sector modeling,-and co
product and livestock sector modeling. It also includes a land use module which models the
decomposition of land into different uses by AEZ.

To determir the land extension coefficientsiststudyfollowed Winrock modeling for the
preliminary EPA RFS ruling, which relied on MODIS remote sensing data from -2004.

Model approach

In the IFPRI model, the overall effect of the EU biofuel policy is matielEhe policy target is

5.6% of transportation fuels from alternative fuels, which equates to 17.8 Mtoe of biofuels use in

the EU. Two scenarios are modeled and compared to a baseline, in which biofuel consumption

is maintained as constant between 200%la 2 0 2 0 . The scenarios inclu
scenario, and a full trade liberalization scenario. Additionally, a sensitivity analysis is performed

on different mandate levels, which ranfgem 4.6% to 8.6% in 1% increments.
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The model is run forhie complete fuel policy, which includes use of both ethandlbiodiesel

each from a variety of feedstockishelLUC resultsarenot broken dowibyfeedstock or fuel

type, but are the influence of the complete policyl n t he US, an riined C fnadde
for each type of biofuel by modeling the contribution of each individually to determine ILUC for

a single type of biofuekith respect to the complete policyjlowever, a marginal approach is

takenin evaluatingach biofueto determime those withle lowest impactThis marginal

calculation is done by increasing the demand for biofuels in 2020 by an additional 1 million GJ,

and allowing the corresponding increase to be met only by a parfigeldypewhile holding all

others constantThis appioach provides a Cl or LUC numbier eachfuel type that can be

compared to the individual direct emissions set forth in the RED.

ILUC effects considered in the study include emissions from converting forests to other land
types, cultivation of new langdand belowground carbon stocks of grasslands and meadows
using IPCC coefficients for the different ecosystefamiissions from peatlands are also
considered for Indonesia and Malayside study follows the EU recommendation of allocating
ILUC emissionover a 26year period.

Results

The study predicts the overall land use impacts for theeelBt) alternative fuel policy. The
results are presented by LUC within each region and are also broken down by lafhe type
cropland, pasture, forest, etclhe overall results falLUC and resulting GHG emissions are
shown inTable2-15. Theseresults are described in more detail in Secfdh

Table 2-15: ILUC and resulting indirect emissions from EU-IFPRI Study[8].

Land Use GHG emissions Increase in GHG emissions
Change Percentage | from LUC (million Biofuel Use from LUC
Scenario (000 ha) LUC tons CQ.y) (million GJ) (CQeMI ! yr'l)
Data Source ifB] Table 7 Table 7 Table 9 Table 11 Table 11
Business as Usual 820 0.07% 107.5 300 17.73
Full trade liberalization 973 0.08% 117.7 303 19.45

The results shown imable2-15 are for the complete policyrhe policy blend of ethanol and
biodiesel is shown, as well as the marginal effects for each feedstdable2-16.The results

show that sugarcane and sugarbeet ethanol are the most efficient feedstocks in terms of land use.

Under the trading scheme, sugarbeet ethanol ILUC is increased substantiallynataan
ethanol reglts in significantly higher ILUC results than other ethanol feedstocks.
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Table 2-16: Marginal indirect ILUC results from the EU-IFPRI study, g COy, eqMJ'lyr'l. (20-year life cycle).
Source: [8]

Not e: MEU_BAU i s t hwealfith ussd enreasrsi aa,s aursd MEU_FT is the full mul t
Figures are provided with and without peatland effects.

MEU_BAU MEU_FT
Without With Peatland Without Peatland With Peatland
Peatland effects effect effect effect
Ethanol 17.74 17.74 19.16 19.18
Ethanol SugarBeet 16.07 16.08 65.48 65.47
Ethanol SugarCane 17.78 17.78 18.86 18.86
Ethanol Maize 54.11 54.12 79.10 79.15
Ethanol Wheat 37.26 37.27 16.04 16.12
Biodiesel 58.67 59.78 54.69 55.76
Palm Oil 46.40 50.13 44.63 48.31
Rapeseed Oil 53.01 53.68 50.60 51.24
Soybean Oil 74.51 75.40 67.01 67.86
Sunflower Qil 59.87 60.53 56.27 56.89
4.60% 5.60% 6.60% 7.60% 8.60%
40.00
20.00
0.00 -
-20.00 +—
-40.00 +—
-60.00 +—
B Annual carbon release (gCO2eq/MJ)
Annual direct savings (gC0O2/MI)
-80.00 W Total emission balance on a 20 years period (gCOZ/MI) T

Figure 2-16: ILUC emissions and direct savings for different EU mandate levels in the EU-IFPRI Study.
Note: Scenario is fibusiness as usuald with no change in tr
emission reduction; positive values represent an emission increase.
Biodiesel feedstocks result in much greater ILUC emissionsalaocare adversely affected
when peatland emissions are considered. Palm oil is the most etficidi@selfeedstock, but
still has an ILUGmuch higher than ethanol. Palm is the most efficient for two reasons: it
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produces cgroducts and has a high gikld (6 times the yield of rapeseed by hectare). Soy
biodiesel puts the most pressure on land extension in Brazil, and therefore lighés#LUC
effect.

Figure2-16shows results for modeling of different EU mandate lewgis no change in trade
policy. As the biofuel mandate is increased, the ILUC emissions also increase. Several
mechanisms contribute the norlinear behavior of the ILUC response to different mandate
levels as highlighted in the report:

1 Land substitution is represented by a CET function, and the marginal productivity of
transforming one hectare from one sector to another declingdyqui

1 The rigidity of other sectors to reduce consumption of feedstocks, which is defined by a
CES function. The propensity to forego units declines with each additional unit.

1 The saturation effect on fertilizers

1 The belowaverage productivity assumeal new units of land.

Direct emissions also increase with increasing biofuels mandate (i.e. result in a decreasing
reduction in GHGs with respect to the baseline): incredsathnd fobiofuel production results
in use of less efficient feedstocks anddarction technologies.

The EU27 SAM and GTAP7 databasee used, and the analysis follows IPCC evaluations and
factors. However, little or no description is provided to explain these databases and how they are
used to derive LUC and GHG resultsedRls from the complete policy are broken down into
contributions to LUC and GHG from each of the regions included in the model. These will be
used for comparison in Secti@rb.

2.5.4 OTHER MODELS

2.5.4.1 Searchinger

S e ar c¢ hstudygwas obesof the first to question how biofuels policese ILUC To

illustrate the potential impacts of LUC on the GHG emissions of biofuels, Searchinger first
modeled the impacts of ethanol,ngian LUC analysis based on research done by a CARD
research team in 2007, which estimated that approximately 10.8 million hectares of cropland
would be required globally to meet the demand of 55.9 billion liters of corn ethanol in 2016.
[90,1,91Bearchinger used the LUC results frons gtudy in conjunctiomwith the Woods Hole
database and the GREET LCA model to predict a cgohghack period of corn ethanol of 167
years[1] The approach taken to calculate the EFs from the Woods Hole database is described in
Section2.4.1

Searchinger also apptiehe same analysis for biodiesi@]In this study, several scenariwgre
investigated for replacement of diverted soybeamoiuding replacement solely by soy oll,
replacement by soybeans, and replacement by a mix of oils. Each of thes®soas
investigated with and without demand reductions areginduced yield increased he results
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of the main scenario (which produce the highest LUC emissions) are repofedule2-17.

Further discussion of the results is provided in Se@i6én

Table 2-17: Corn ethanol and Soy biodiesel ILUC and resulting emissions from Searchinger. [1,6]

Fuel Volume Fuel Land Use Change Total Emissions Cl (g CaMJ
Modeled (hillion (000 ha) (million tons CQ tannually)
gallons) eq)
Corn Ethanol 14.772 10,817 3,801 106
Soy Biodiesel 0.264 789 340 340

2.5.4.2 Tyneri GTAP Bio-ADV

Tyner and others performed an assessment of LUC chasgesiated with U.S. corn ethanol
production using the updated GTARO-ADV model in 2010[92,5] The updated model
included many changes to improve the analysis of corn ethanol. While the group at Purdue is
continually working to update the GTAP data and improve biofuels analysisignificant
updates for this study includeaiddition of a biofuels module, includj corn and sugarcane
ethanol and biodiesel; addition of croplgrakture in the U.S. and Brazil and Conservation
Research Program (CRP) landsestimation of demand and supply elasticities to reflect 2006
reality (more inelastic than previoygdditionof DDGS; a restructuring of the livestock sector;
econometric estimation of corn yield response to higher praoe$ estimation of productivity

on marginal lands basexh theratio of net primary productivity of new cropland to existing
cropland in eackountry and AEZ[60]

Three simulations were performed in the stutlg: first usd the 2001 database, the secondiuse
the updated 2006 database and contpara baseline of the world economy during 2@00D6,
and the third ugkthe 2006 database with the assumption that population and crop yields
continue to grow. The da and results from the second simulation are used in this report for
comparison to other studies.

The GTAP model is used to predict changes to cropland, forest and pasture within each of the
GTAP regions. The marginal impacts of ethanol production aessesd through incremental
increases in production from the 2001 level (1.77 billion gallons) until a total production of 15
billion gallons in 2015 (a cmge of 13.23 billion gallons)The marginal LUC results from the
second simulation are shownTable2-18.
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Table 2-18: Simulated global ILUC due to U.S. ethanol production. Source: p 28 of [5]

Land use changes (hectares) Distribution of Land Use Hectares

Changes in US corn changes (%) per
ethanol production Within Other . Within  Other . 1000
i Us Regions World Us Regions World gallons

3.085 BG (2001 to 2006) 106870 360397 467268 229 771 1000 0.15
2.145 BG (2006 to 7 BG) 77989 246464 324452 24.0 76.0 100.0 0.15
2.000 BG (7 to 9 BG) 73308 233222 3065329 239 76.1  100.0 0.15
2.000 BG (9to 11 BG) 73754 233992 307746 24.0 76.0 100.0 0.15
2.000 BG (11to 13 BG) 74717 238378 313094 239 76.1  100.0 0.16
2.000 BG (13 to 15 BG) 75731 242685 318416 23.8 76.2  100.0 0.16
13.23 BG (2001 to 15BG) 482368 1555137 2037506 23.7 763  100.0 0.15

The LUC results are then linked to emission factors generated from the Woods Hole database.
The emission factors calculated are based on 25%edfoil carbon, 75% of the carbon in the
vegetation, and foregone sequestration from existing forests. Hawrd&weighted based on the
shares of vegetation area in each of the 10 Woods Hole regions. More detailed description of the
EF calculation is pvided in Sectior2.4.1 The marginaémissions from each incremental

increase in ethanol production aaculatedas shown inrable2-19.

Table 2-19: Annual marginal and average estimated ILUC emissions due to U.S ethanol production from
Simulation 2. Source p 40 of [5].

Marginal emissions Average emissions

Time {grams CO; per gallon of ethanol) {grams CO; per gallon of ethanol)
Sesment Changes in Total

= ethanol Forest Grasslands TOTAL ethanol Forests Grasslands TOTAL

production production

2001-6 3.085 925 465 1390 3.085 925 465 1390
2006-7 2.145 1019 399 1418 5.23 963 438 1402
2007-9 2.000 1020 406 1427 7.23 979 429 1409
2009-11 2.000 1017 409 1426 923 987 425 1412
2011-13 2.000 1027 419 1446 11.23 994 424 1418
2013-15 2.000 1040 427 1467 13.23 1001 424 1426

The results from this study produced significantly lower ILUC estiatagn previously used by
CARB in their LCFS. The average annual emissions of 14261};4{2}@”%‘l of ethanol equates

to about 18 g Ce.MJ ™" (for LHV of 76,330 BTU/gal used in CARB), which is nearly half of

the 30 g C@,ed\/l\]'l listed in the LCFS lookugables for corn ethanol. CARB workgroups
evaluatedhis study during review of the earlier LCFS, and suggested that the ILUC modeling be
revised to include the updates to the GTAP model. Sirag CARB has worked to incorporate
these changes along witpdates to thEFs used.
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2.6 COMPARISON OF LUC MODEL RESULTS

Results fronEPA- RFS2, CARB LCFS, Searchinger, Tyner and-EEBRI are compared to
highlight the differences in assumptions and application of data in @aehcomparison of
results, i.e., thdifferences inLUC and resulting GHGs predicted, can be used to highlight the
differences within the models and application of data, with a particular focus orstbekCand
emission factor databases. These differences wiidmeissedn the next se@n.

Table2-20 provides the final annualized LUCI results from each study for various fuel
scenarios modeled.

Table 2-20: Comparison of 30-year ILUC results (IFPRI is for 20 years) from different studies. Units are g COg,

eq MI fuel.
EPA EPA
International Domestic
Searchinger (FAPRI) (FASOM) CARB Tyner IFPRI

Corn Ethanol 106 30 -4 30 18 54
Soy biodiesel 340 40 -8 62 75
Sugarcane Ethanol 4 1" 46 18
Rapeseed Biodiesel 53
Complete Policyith

blend of fuel types 17

Note: The U.S. studies annualize ILUC emissions over a 30-year period, while IFPRI follows EU

recommendation to annualize over a 20-year period. The results from Searchingerds
different studies, the corn ethanol results are given in [1] and the soy biodiesel results are in [6].

Additionally, the results from the international (FAPRI) and domestic (FASOM) analyses from the EPA are

shown separately.

wor k

ABoth domestic and international results for sugarcane ethanol in the RFS2 are modeled with FAPRI. The

results are not detailed in the RIA, but can be found in the spreadsheets. It appears that the International

total includes GHG estimation in the U.S., but the U.S is again included separately in the domestic emissions.
Influential factors that contrilie to the differences in results include how much land is
converted, how much GHG the land produces, arat type of land is converted. These results
will be compared in the following subsections.

However, it is difficult to directly compare the resultom each of the studies due to differences
in dataavailability, input assumptionsinddetail ofoutputs. Reporting differences also make
details difficult to obtain and compare. Since the results are not directly comparable between
studies, the folwing data manipulation and caveats apply to subsequent sections:

1 BothILUC and GHG are categorized into the coarsest output for comparisaguire
2-17throughFigure 2-19below. Data from all studies are aggregated into the 10 regions
of Woods Hole. GHG results from Searchinger and Tyner are already aggregated to the
Woods Hole regions. However, thaJC reailts from GTAP, and all results from
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FAPRI (which has 54 regions) are aggregated into corresponding Woods Hole Regions as
shown inAppendixA.

1 The results from CARB studies are not spatially explicit, and only provide land
classifications for the U.S. artde Rest of the World. Results from Hertel, which
influenced the CARB analysis for corn ethanol are i84fThe CARB analysis for other
fuels is only categorized by U.S. and the Rest of the World.

1 The volume of fuel modeled also results in differences in thedotalint of LUC and
GHGs. Therefore, the results are normalized by the energy contained in the fuel (in
billion BTU), based on the fuel volume and the lower heating value of the fuel applied in
each study. These values are providetiahle2-21. Note for FASOM modeling results
in the EPA study, fuel volumes differ from those applied for the international module.

1 Sugarcane ethanol results are calculated in the RF&2tdpbut are not presented in the
final RIA. The results shown ifable2-21are from the FAPRI results spreadsheet and
the Impacts results spreadshé®tn the firal impacts results spreadsheet, the
international emissions from ILUC are given as the sum of all FAPRI regions, including
the U.S. However, domestic ILUC emissions are also given, which are the U.S emissions
resulting from FAPRI analysis. Thereforeafipears that these emissions are double
counted. Since the sugarcane ethanol results are not presented in the RIA, there is no
additional description or final presentation of the results to verify the calculation.

9 FAPRI results spreadsheet, which provide the total LUC for RFS2 fuel pathways, can be found under docket ID
number EPAHQ-OAR-20050161-3153 for all fuel pathways. Lifecycle GHG final results spreadsheets for each
fuel pathway can be found under docket ID ER®-OAR-20050161-3173 at www.regulations.gov
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Table 2-21: ILUC modeling inputs and results.

LHV Time
Fuel Volume | applied Horizon | Total LUC Total GHG Final Ct
Fuel/ Study (bill. gallons) | (BTU/gal)| (years) (000 ha) | (mil. tons CQ.g) | (9CQMI")
Corn Ethanol
Searchinger 14.8 76,330 30 10,817 3,801 106
EPARFS2 2.7 76,000 30
FAPRIInternational 789 190.9 30
FAPRIU.S 140 25.0 4
FASOMU.S 8.2 580 -75.1 -4
CARB.CFS 13.2 76,330 30 4,200 877 30
Tyner, 2010 13.2 76,330 30 2,037 565 18
Soy Biodiesel
Searchinger 0.26 119,550 30 789 340 340
EPARFS2 0.54 118,000 30
FAPRIInternational 678 81.3 40
FAPRIU.S 101 -2.5 -1.2
FASOMU.S 1.5 763 -48 -8.9
CARHB.CFS 0.995 119,550 30 940 230 62
Sugarcane Ethanol
EPARFS2 FAPRI 1.3 76,000 30
International 395 12.7 4
Domestic 35 3.0 1
CARBLCFS 2.0 76,330 30 1,090 22F 46
EUIFPRI - - 20 820 107 18

A Final Cl value can be calculated from Table using 1055.87 MJ BTU™

® IFPRI model is for complete policy with a blend of fuel types with 5.6% share of transport fuels from
biofuels. This corresponds to an increase of 300 million GJ or 284,130 billion BTU.

€ Total GHG emissions from CARB Sugarcane scenario is calculated from final Cl value.
P Sugarcane ethanol is only modeled with FAPRI in the RFS2.

ELand use change results are provided from the FAPRI spreadsheet in the EPA docketed information. Land
use is given for the U.S. and as the sum of the rest of the FAPRI regions.

FIn the docketed spreadsheet results for sugarcane ethanol, the international emissions given include the
emissions from the U.S. However, the U.S. emissions are also accounted separately as domestic emissions.
Therefore, the domestic emissions appear to be double counted.

2.6.1 LAND USE CHANGES

The amounbf ILUC predicted from each of the models is a key difference which can lead to
significantly different final GHG emissiondarger amounts diLUC bringlarger GHG
emissions.ThelLUC modeling is primary done through agreconomic mode|showevera
detailed discussion and comparison of the assumptions in the@gromic models isutside

the scope of this report. Therefotiee differences in LUC predictions from each model are
presented without detad description as to ¢hreasosafor the differencesThe total projected
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LUC, normalized by the fuel energy, response to eadbel volumeare presented iRigure
2-17 A. The LUCfrom each study is aggregated imégions corresponding those in the
Woods Holedatabase.

Searchinger 6s anal y gerlsUCparenatgy contendf fielthas thesotnagr i al | vy
studiesfor both corn ethanol and soy biodeesFor corn ethanol, #lLUC is distributed around

the world, with much of it occurring in Latin America, Chinadied Pakistan, and the U.S. The

total amount of LUC in the Searchinger study is baseesults ofa study using the FAPRI

CARD model [91]A study by Dumortier, teal. used a modified version of the FARRARD

model and GreenAgSim (to assess the GHG emissions) to show that détemreassumptions

used in the Searchinger study and updates to the FAPRI model resulted in much lower LUC and
resulting emissiong90]

Other ethanol modeling efforts predidtC thatisl ess t han half of Searchi
from CARBOs analysis using GTAP andbUEPAOGsS ana
acreage, although the locations are quite @ifr e nt .  coin ethaGodrmalsis, snuch of

the LUC conversion occuis the U.S, while in the EPA analysis, FAPRI predicts that nearly

half of the conversions will occur in Latin American countri&ése EPAresults shown ifrigure

2-17include both domestic and internatiolidUC from FASOM and FAPRI. The LUC

predicted by FAPRI are shown as sdéidendey and additional LUC predicted by FASOM is

shown as do#dlavenderbar, so the total resulting LUC is the sum of the two (which is the total

from FASOM) FASOM predicts a net increase in domestic croplands4ommillion acres380

thousand hectarg®r corn ethanolHowever, this number is the area of ceop increase,

which is offset by changes in cropthpasture and other land typ€eEhe increase in cropland is

also normalized by 8.2 billion gallons of ethanol, an output from the FASOM maédel

comparison of the FASOM and FAPRI results is providetable2-21.

The Tyner and CARB corn ethanol studies are both based on the Bddé?;however,

Tynerds results are | ess than half of those p
model . In Tynerés study, the LUC is distribu
changes occurring in any one country. In the CARB stomgh of the LUC occurs within the

U.S.

Soy hodiesel results in much moleUC than corn ethanol,ddueo soy oi |l 6s status
food commodity, which requires that it be replaced by other vegetable oils. CARB, the EPA and
Searchinger all presergsults for soy biodiesel. Again, theUC predicted by Searchinger is

much larger other, more recent studies. Much of thEC in the Searchinger study occurs in

Latin American countrie€l1.3 ha BTU™, occurring inprimarily Argentina, followed by Bil)

and Southeast Asid.© ha BTU™, occurring inprimarily Indonesia and Malaysia). In the EPA

study, much of the land conversion occurs in Latin American coulatesit 7.6 haBTU™),

with limited amounts in Southeast Asia. Again, the resulte@FAPRI analysis are shown in

thefigure; however, the FASOM results for domestic changes are applied in the final rule.
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FASOM analysis shows approximately 1.9 million acres of new cropland is required (763
thousand ha), more than the total internatia#C. However, the volume modeled in FASOM
is 1.5 billion gallons, more than three times the policy volumsulting in about 4.3 ha8FU™
(compared to about 1.6 shown in the figure). This would tre@sal total LUC of about 15 ha
bBTU™ for biodiesé The results in the CARB analysis are only provided for the U.S. and the
rest of theworld. The totalLUC is about half of the total ILU@ the EPA analysis

The results from thEU- IPFRI study are fronthe complet@olicy, including combinations of

ethanol and biodiesel. The results are not providedtailde breakout each feedstookfuel for
comparison. The IFPRI study predicts that a large percentage of totalrbtd@e EU policy

will occur in Latin American countries, primarily in Brazilhis is due to the combination of the
demand for ethanol (sugarcane) and oilseeds, and the high elasticity of land extension for Brazil.

2.6.2 GREENHOUSE GAS EMISSIONS FROM LAND USE CHANGES

In each study, the location of LUC is tied to corresponding EFs dietabases indicated to give
the total landnduced emissionshownin Figure2-17-B. Again, the emissions are aggregated
corresponding to the Woods Hole regions for comparison between relative impacts of each
region. Both the FAPRI and FASOM results from the EPA analysis are shown. For corn
ethanol, the FAPRI analysis predicts an inoedasGHG emissions front.UC in the U.S.
(shown as an open purple bar), while the FASOM analysis results in a reduction to GHG
emissions even though there is an increase in ILUC in the khSthe biodiesel analysis, both
FAPRI and FASOM resulted in atn@ecrease of GHG emissions, with the total reduction
represented by both bars.

The Searchinger analysis results in the highest GHG impacts for both corn ethanol and soy
biodiesel despite being normalized by energy content. For example, Searchingsts prsdi
under 10 ha/billion BTU LUC for corn ethanol, but over 100 tons of GABTU™, indicating

an overall emission factor of around 10 tons,Eyr™.

Soy biodiesel results in higher ILUC emissions than corn ethanol. However, the EPA analysis
for soy biodiesel predicts fairlgignificantILUC, but relatively small resulting GHGAs

explained in the next section, this is because the EPA assumes relatively little conversion of
forests.

Theanalysis for CARB is not provided in enough detail to br@at the contributions by region,

soisshown as a single bar for fARest of the Worl
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Figure 2-17: Land Use Changes (A) and GHG from ILUC (B) from alternative fuel policies in the EU (modeled
by IFPRI) the U.S. (modeled by Searchinger and EPA) and California (modeled by CARB and Tyner). WH=
Woods Hole
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2.6.3 TYPE OF LAND USE CHANGE

The significandifferences between the GHG and LUC results from each studyniasteto do

with the type of land that is assumed to be converted. ForexamBle mr c hi nger 6 s

scenario, about 20% of the total land conversion occurs in Southeast Asia, which contributes to
nearlyhalf of the net GHG emissions, while in the EPA analysis of biodiesel, about 5% of the
LUC occurs in Southeasgtsia, which results in atut 20% of the GHG emissiondluch of the
difference in scaléas to do with the type of land use conversiomSeart i nger 6 s anal
grasslands are assumed to be converted in Southeaste&siéing ina substantially higher EF
applied.

The breakdown of total land use conversion classifications from each study is shown for corn
ethanol inFigure2-18-A and for soy biodiesel iRigure2-18-B, normalized by billion BTU for
comparison betwen studies. The Figure gives the classifications of forest, grassland or pasture,
i io tothl @a’b BTU for each study. The percentage breakdown is also noted on the

and

figure. For the

EPA analysis fiot hamalysis, r ef er s

Afothero is not specified
12.0 30.0
A = Other B H Other
10.0 m Grassland/ Pasturg 25.0 H Grassland/ Pasture |
m Forest m Forest
5 8.0 20.0
)
& &
o 6.0 4 2 15.0
2 z .
0, 19
4.0 - 2% 10.0 -
- l . l: )
0.0 - T T T T 0.0 .
Searchinger EPA-RFS2 CARB-LCFS  Tyner IFPRI Searchinger EPA CARB

Figure 2-18: ILUC classification, normalized by billion BTU for each study for A) Corn Ethanol, and B) Soy
Biodiesel. IFPRI study shown in A is for complete policy with a blend of fuels.

NOTE: The results from Searchinger studies are determined by the percentage of grassland and forests in
each region, and the percentage of land conversion occurring in each region.

The EPA-RFS2 results are interpreted from the FAPRI international results (U.S. results are excluded) for
conversion TO annual
Anatur al to annual o

crops only.

The classification for

crops. iNatural 0 categor desavannahc | ude
mixed categories, barren and woodland. Results from the stochastic model indicate breakdown from natural
to annual conversion as follows: 13% forests, 60% from grassland, savannah, and shrubland, 24% from
mixed category and 3% from barren and wetland. This indicates that less than 10% (13% x 65%) of the land
conversion is estimated to come from forests in the ethanol case and less than 5% is from forests in the soy
biodiesel case (compared to 65% and 26%, respectively).
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This classification ofand use has substantial impacts on the overall GHG calculations, simce EF
from forests are considergldarger than EFs from grasslan@see carbon stock and EF data in
Figure2-20).In both Searchinger studies, the bulk of land conversion is from forests, particularly

for soy biodiesel. This is primarily dalee assumptions that much of the land conversionrseccu

in Southeast Asia, which has no corsien from grassland. More recent reports predict less
conversion of land from forests, from 20 to 30%. (Note: in the EPA analysis, the distribution in
the figure for Aforestso includes conversion
araund 13% in the corn ethanol case).

The | ow conver si ownbiodiésel study exgainswhy lowSiHGeMi8ssONSS 0
are predicted for significantly more LUC in comparison to the ethanol study.

2.6.4 COMPARISON OF EMISSION FACTORS FROM KEY STUDIES

Basd on the data presented in the reports discussed and their corresponding databases, it is not
possible to make a direct comparison between the emission factors from Woods Hole and
Winrock databases. The EFs from the Winrock database are weightedferendi€onversion
categories for each of the regions corresponding to the FAPRI regions. They are not weighted
into a single EF for each region. Therefore, the final EF is dependent on how much of each type
of land is converted within each region for ledigel scenario.

In order to make an approximate comparison between each of the overall EFs used in each study,
we have baclcalculated them based on the total land conversion and the total GHGs for each of

the 10 regions corresponding to the Woods Hekabase. The comparison of these EFs is

shown inFigure2-19for corn ethanolA it ot al worl d emi ssion facto
study based on the total land conversion and the resulting GN@®ugh this method allows

for comparison between the Woods Hole and Winrock databases, the LUC EF for Winrock is not

a very represdative calculatiorwhen based on the land conversion reportEide LUC reported

is the net change in crop area (including both annual and perennial crops). However, land

changes to pasture are also considered when determining the total emissionsHroegieac

Therefore, to determine a more representative overall EF, the net land change including cropland
and pasture is consideretihis adds additional uncertainty in the comparison between

databases. However, the data are still shown since othleodsetf comparison would require

detailed and timéntensive calculations using the results of the publically available modkés.
apparent emission factor from the FASOM resul
Additionally, data from theCARB studiesarenot sufficient to calculate EFs from each region,

soarenot presentetiere

The EF factors used in the Tyner study are generally slightly lower than those applied in the
Searchinger study. Although both studies apply the Woods Halbata, this is expected since
Tyner assumes 75% of the carbon in the vegetation is lost upon conversion whereas Searchinger
assumes that 100%lI@st. Tyner uses higher EFs than Searchinger, however, for China/ India

and Pakistan, Europe and Canada. Gluna/India and Pakistan, Searchinger assumes that only
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grasslandarec onver ted, while Tynerds results predic:
leading to a slightly higher EF for the region. The forest carbon stock for the region is assumed

to beequivalent to Southeast Asia, which has the highest carbon stocks of the region. The
assumption that Tyner makes about land reversion in Europe also results in a higher EF for that
region than Searchinger (s€able2-5) . The apparent EF for Canada
due to the fact that over 60% of the land conversion there is assumed to come from forests,
compared to only 20% in the Searchinger study.

Total

Rest of World

United States

Southeast Asia

0

hina/ India/
Pakistan

Developed Pacific

North Africa and
Middle East

= FASOM

—

atin America ® Woods Hole (Searchinger)

M Tyner
Former Soviet v

Union B Winrock (RFS2)

IFPRI (EU)
Europe
Africa
Cana
I I
-250 0 250 500 750 1000 1250
30year EFt CO2eq/ ha

Figure 2-19: Total 30-year emission factors for key studies for corn ethanol, corresponding to Woods Hole
regions. Note: The IFPRI study is based on the complete policy, wi t h a bl end o fcaléulaBdns . Aut hor
The factors determined from the EPA results are also lower than those used in Searchinger,
except for a few cases. The EF calculated for Canada is negatiteerdaeement of land
classifications. A larger amount of annual crops is converted torpaban natural lands
converted to pasture, which carries a larger impact to reducing emissions. The calculated EF
from the FASOM results is also negatibecause of an assumeelt land conversion with a
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decrease in GHG gases. Itis unclear how #sslt is determined since FASOM endogenously
applies the DAYCENT/ CENTURY and FORCARB emission factors.

The factors used in the IFPRI study are consistently smaller than other sithikedata and/or
EFs applied are not presented in the study, howswet s difficult to pinpoint the reasons why
they are lower.However, as shown iRigure2-18, a small percentage of the total land
conversion is predicted to occur in forests, which helps to limit the imfiaadso should be
noted that the time horizon 20 yeargather than 30so additional GHG occurring in the final
10 years are not congickd. However, these emissions are primarily foregone sequestration,
which has minimal impaain the final amortized Cl value, so amortizing over a shorter time
frame should result in a higher emission rate.

The carbon stock data in each of the databases is compared in the next section to illustrate the
reasons for the differences in the emission factors.

2.7 COMPARISON OF EMISSION FACTOR DATABASES

The application of themission factor databases contributesiffetences in the total emissions

due toILUC in each model.The total land use estimated from the economic models is tied to
emission factors, which provide an estimate of carbon (erd@mitted per hectare of land
conversion. Thenain contributorgo theemission factorare the release of above and below

ground carbon contained in vegetation, soil carbon, and foregone sequestration. Emission factor
databases use carbon stock data for each of these contributors.

The EPA RFS2 utilizes the Winrotkternational database whicitlizes carbon stock data for 9
land types over ®regions to determine a 3f@ar emission factor for el region (described in
Section2.4.2. In comparisonCARB, Searchinger, and Tyner apply tW&ods Holeemission
factor database, which is based on research by Houghton using historical carbon trends
(described in SectioR.4.1). In theWoods Holedatabase, Houghton determines emission factors
for six different land types over 10 world regions.

Although it is not possible to make a direct comparison between the data used in the databases
because of differeneén spatial aggregation and weighting schemes, we tiavelopedseveral
figures to compare the carbon stock data from each of the date®a®esit is not possible to
provide a spatially weighted average of the Winrock datarder to present a single figulia
comparisonan average of all carbon stock diatgivenfor eachadministrative unitvithin
thecorresponding Woods Hole regidm Figure2-21 andFigure2-22, error bars represent the
minimum and maximum valgayiven over all the admistrativeunits.

Figure2-20 provides example EFs from both Winrock and Woods Hole with a breakdown of
contributions to the final Efor both conversion of forest to cropland and grasslands to cropland
Thecarbon released from vegetation is the printanytributor tothe EF, particularly when

forests are convertedsoil carbon also hassignificant impact on the final EF, particularly for
grasslands, where the C in vegetation is not as Nigien forests are converted, foregone
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sequestration also has some impact on thebkHs generally not considered for other land
conversions In countries with peat soils, emissions from converting those lands can have sizable
contributiors to the overth EF. The Winrock data applies conditions for peat soils for Indonesia
and Malaysia. The EF shown for Indonesia is an average for all regions within that country,
where emissions from peat soils range from zero for some regions to 33 t@@éﬂé@rl for

regions with high peat areas. Since these emissions are assumed twvercthe entire time

horizon (30years), the contribution from peat soils can have substantial impact in these regions,
which far outweigh even the release of C in the vegetati

1200
Conversion from Forests i Lost Sequestration
1000 -— M Peat
Soil Carbon
IE 800 . M Fire Emissions
T . .
qr,“ 600 H Cin Vegetation
(o]
e Conversion from
[=1]
= 400 - [ ] Grasslands
" _:.
0 al
Latin Latin Indonesia SE Asia Latin Latin
America America America America
Winrock WH Winrock WH Winrock WH

Figure 2-20: Contribution of C sources to EFs from Winrock and Woods Hole for Latin America and
Southeast Asia.

Note: Winrock data are the average of all admin units within a WH region. The Woods Hole data are the
weighted average of forest or grassland ecosystems within each region. 100% of the C in vegetation and
25% of the soil C is represented in the figure (following Searchinger approach)

Because a direct comparison of the data in the WirsadkWoods Hole databases is not

possible, we have aggregated the Winrock administrative units into corresponding Woods Hole
regions (As shown in Appendi)to produce an average valoeC-stock data for each region

A more appropriate comparison would to weight the data by land cover, which could be done
using the MODIS satellite data. However, this would require intensive calculations, which is
beyond the scope of this workn order to capture the wide ranges of data for each category in
the Winrack database, the average value is presented along with error bars that represent the
minimum and maximum stock data.
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2.7.1 COMPARISON OF C-STOCK DATA FROM WOODS HOLE AND WINROCK
DATABASES

2.7.1.1 Above/ Below Ground Carbon

The carbon stored in the biomass both above and below ground is the key contribution to upfront
emissions caused by lawtkaring as land use is changed frone classification to another,
particularly for land conversion from forests.

Different land tygs have significantly different carbon stores. For examplests have
significantly greater &tock thargrasslands.The comparison of Stock data used in Winrock
and Woods Hole is shown Kigure2-21-A for forests andrigure2-21-B for grasslands. The
ranges of data applied for carbon stock of forests are similar in atatbede, although the
resulting Winrock average EF is lower than the Woods Hole EF for most reDatasfrom
Winrock comes from multiple recent literature and sources (as shawgure2-5). Some of the
dataarebased on more recent researciHmyghton tharthe Woods Hole data, and soare
based on IPCC default factors.

United States United States

|

147

Southeast Asia Southeast Asia _
China/ India/ China/ India/
Pakistan Pakistan
Developed Pacific Develf)!)ed
Pacific
North Africa & North Africa &
Middle East Middle East

Latin America Latin America E
Former Soviet Former Soviet [
Union Union
Africa i
B Winrock I
B Woods Hole
Canada mWoods Hole Canada
I
T T T + - 4 + 4 { 4
A 0 200 400 600 800 1000 B 0 10 20 30 40 50 60 70
Mg CO, eq ha! Mg CO, eq ha!

Figure 2-21: Comparison of C stock data for above- and below- ground C in vegetation in Woods Hole
regions and corresponding Winrock regions for forestlands (A), and grasslands (B).

Note: The Woods Hole data are weighted averages of ecosystems classified as forests or grasslands within
each region. The error bars indicate the minimum and maximum values. The Winrock data are averages of
all administrative units within a corresponding Woods Hole Region, with the error bars noting the minimum
and maximum C-stocks within the region.
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Winrock applies IPCC default factors for grasslands by ecosystem type, as slogurén

2-21-B, which also generally resslin lower stock valueshan Woods Hole. Winrock uses
additional grassland categories of shrubland and savannah and applies multipliers of 1.8 for
savanna and 3.4 for shrubland. There is no difference in classification of these land types in the
Woods Hole database.

The accouating of the above and below ground carbon stock data is also done differently for
EPA than for CARB, Tyner and Searchinger.

As described in Sectiah4.], Searchinger assumes that 100% of the carbon in the vegetation is
released as a GHG, while CARB and Tyner assume 90% and 75%, respe@iveR.B 6 s
assumption is based on IPCC 2006 defaults (GF¥8tion 5.3.1.2), while Tyner states that they
assume 25%fdhe carbon is stored in wood products that are harvested and used for buildings,
furniture and wood.

Included in the Winrock database is a calculation to reduce the vegetation emission by carbon
contained in harvested wood products. However, noadataurrently applied, so 100% of-C
stock in the converted land, less the carbon stock contained in the new land is applied.

2.7.1.2 Soil Carbon

The analysis of soil carbon in the Winrock database is significantly different than in the Woods
Hole database. In th#&inrock database, the Harmonized World Soil Datalgd$eSD) is used

with soil carbon stocks to a depth of 30 cm. The changes to the soil carboarstaikulated
based on Section 5.3.3.4 of the IH@E] as described iBcheme2-1 and shown below.

V0 jpq = ommm B DD o o6 Qi) [t CQhatyrY]

For lands without conversion from peatlands, the equation becomes:

. _ Gieqeam A1 "DYOOD
Oica= 20 GO |

The calculation is based on stock change factors for land use and impatmput factor (FI) is
set to 1 for all regions, but the land use factor (FLU) is based on IPCC default facstiain
for eachregion below Table2-22). The higher the FLU, the lower the emissions from soil will
be. Emissions from soilare assumed to occur over ayar period.

In the Woods Hole emission factor database, soil carbok gtia are given based on
Houghtonds research for carbon fl uxes. The
25% of the carbon is estimated to be released upon land conversion. (This same assumption is
applied for Searchinger, CARB and Tyneonk).

A comparison of the carbon stock data is providdéigure2-22. Again, the Winrock data are

based on an average of all administrative units within the @anneling Woods Hole region.

The data shown are the carbon stock data, so naturally, the Woods Hole data would be higher for
most regions, since it accounts for 1€M@ depth compared to 3fn depth.
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Table 2-22: Land Use Factors for Soi

| Emissions in Winrock

Region (corresponding tg Land Use
Woods Hole Regions) | Factor (FLU)
range
U.S. 0.8
Southeast Asia 0.50.6
China/ India/ Pakistan 0.50.7
Developed Pacific 0.50.6
North Africa/ Middle East 0.50.8
LatinAmerica 0.50.8
Former Soviet Union 0.8
Europe 0.7-0.8
Africa 0.50.8
Canada 0.8

United States
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China/ India/
Pakistan

Developed Pacific

North Africa &
Middle East

Latin America

Former Soviet
Union

Europe

Africa

Canada
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B Woods Hole

200 400 600 800
Mg CO, eq ha?

Figure 2-22: Carbon soil stock data from Woods Hole and Winrock.

In the Winrock database, peat emissions are incltatdddonesia and Malaysia only. The
resulting emissionare assumed to occur over a\gfar time period, which substantiadiffects

the overall EF for regions with high fraction of pedtie Woods Hole database does not include
a separate calculationrfpeat emissions. However, the carbon stock data for Southeast Asia is
basednwetlands with high quantities of organic soils.
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2.7.1.3 Non-CO,/ Combustion Emissions

The Winrock analysis includes n@0, emissions produceddm lands where fire is used as a
means for site clearing and preparation.d&bine theregions usg fire, expert opinion was
used to judge which regions commonly use fire for agricultural cledBBtEntire countrie®r
continentsare flagged as either using fire for land clearing or fibie countries include much of
Africa, SE Asiaand much of Latin Americagxcluding Chile and Argentina).

Fire emissions are only calculated for conversion of natural lands to crogidtad) in the
database indicates whether the fire emissions will be calcdtatedch administrative unit. The
fire emissions are a oxténe contribution to the GHG from ILUC, and are calculated as
described irSscheme2-1. The fire combustion factor, a@H, andN,O emission facts used to
calculate the fire emissions are givermable2-23 for each initial land category. The emission
factors for each gas are based on IPCC val@8sThe fire combustion factor for congeon

from forests is the lowest at 0.5, which estimates the mass of fuel available for combustion.
Russia is the only country that is given a different combustion factor dtl3eport on the
updates to the Winrock database for the final rule of B8Zf55] states that the factofsr
forestscome from the IPCCTables 2.5 and 2.6 {®2]) and the remaining factors come from
literature[94].

Table 2-23: Fire and combustion factors for land conversion to crops in Winrock database.

Initial Land Fire Combustion| CHEmission N,O Emission
Type Factor factor factor
Forest 0.5 (Russia=0.3 2.36.8 0.20.3
Grass 0.8 2.3 0.2
Shrub 0.7 2.3 0.2
Savanna 0.6 2.3 0.2
Wetland 0.7 2.3 0.2
Mixed 0.8 2.33.8 0.2

The Woods Hole database does not include a separate calculation for emissions ftbis fire.
unclear if additional consideration for fire is made within the data themselves. Houghton
describes that the structure of the model used to develop the Woaddatmincludes burning

to clear land66], but it is unclear how fire emission rates are inclydedf they exclude €,

and NO. However, the contribution of fire emissions to the overall GHG from land clearing is
small.
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3 TIME ACCOUNTING PRACTICES

When comparing the life cycle GHG of biofuels to conventional fuels, it is important to consider
the time profleas soci ated with each fuel ds emission st
production of conventional fuels are primarily associated with the extraction, conversion and
combustion of the fuel, and are unlikely to change significantly fromtgegear. Although

biofuels also have consistent ygatyear emissions associated with production and use of the

fuel, the indirect land use chan@eUC) emissions that are linked to the biofuel follow a

different temporal distribution. The ILUC emissions, whiaclude a large ufront GHG

release associated with bringing new lands into production and an ongoing release from soill
carbon or loss of carbon sequestration possibilities, must be allocated over the entire quantity of
fuel produced during the biofuptoduction period. Therefore, a common metric must be

applied that allows the ongoing emissions to be aggregated into a single measure in order to
make comparisons between fuels. Many LCA studies that include ILUC use a dingight
amortization methodyhich spreads out the net emissions occurring during a select time period
over the entire time period. The choice of accounting method can have a significant effect on the
net GHG impacts. In particular, two important parameters are the time frameetedsatid the
weighting scheme that allows for the comparison of emissions occurring today with those
occurring at various points in the future.

Figure3-lillustrates the ILUC emissions occurring as a result of expansion of biofuel use. A
large release of GHG emissions occurs in year zero dr@nges in vegetatias a result of land
conversion. Additionally, soil carbon emissions continue to be reléasagdproximately 20

years, and foregone sequestration is accounted for through the duration of biofuel production.
Three distinct time periods are illustrate&igure3-1. The first is thgproduction periodwhich

is an estimate of how long the biofuel feedstock will be produced until the fuel is economically
displaced or until production is ceased. The production period affects how much biofuel is
produced (consiling an annual production volume). Tdrealytical horizordefines the period

of time over which all emissions are accounted for and attribute@ teotime of biofuel
produced.The analytical time horizon determines how long the biofuel haspoa yk ob atch e
ILUC emissions.The analytical horizon can coincide with the production period or extend past
it. For cases when it extends beyond the production period, what occurs to the land after biofuel
production has ceased may be considered. This peraadléd theecoveryor reversion period,
during which the land could be recovered into a natural state or used for other purposes. What
occurs during this recovery or reversion period is depeinon what happens to the land.

Inclusion of GHG emissionauding thisrecoveryphase has been debated.

The issue of time accounting is complex, and is in esseqaestion of how to combine one
time changes in carbon storage in soils and plants associated with expansion of biofuel
production with a carbon intemgithat isbased on continuing life cycle inpuf85] The length
of time over which emissions are considei@tt the weighting that future emissions are given
compared to current emissiguesin have considerable impacts. Weighting of emissions over
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time is generally done by applying a discowter which is used in economics to value
investments over time. Applyinggher discount rateweightfuture emissionsess than current
emissions. Several alternative methods to discounting, such as calculating a fuel warming
potential, have also beenggested. Longer time frames and/ or low discount rates favor
biofuels in comparison to conventional fuels. There is a general lack of consatisushe
scientific community about appropriate time horizons and discounting pra¢lioe36,97]

After thorough review andiscussion, both the EPA and CARB have currently settled on using a
30-year time horizon with a 0% discount rate. The debate by which each has arrived at these
values and alternative methods of time accounting will be discussed in this section.

Vegetation Emissions

Conventional Reference Fuel

Soil Carbon Emissions

/ / ForegoneSequestration Carbon Recovery
AANRRRRRRRRRRRRRRRE /

0 10 20 30
\/ — —

Biofuel Production Years Recovery Period
—,

Analytical Horizon

GHG Emissions

Figure 3-1: Emission flows over time. (Adapted from[95])

3.1 ANNUALIZATION

Because of its simplicity and consistency, EPA, CARB, aneRBD have adopted the
annualizatiormethod, in which all indirect emissions occurring over the biofuel production time
period ae totaled and divided by the total volume of biofuels produced during the production
period. A discount rate can be applied to the emissions to weight near tefmuaa@missions
differently. Both the EPA and CARB have settled on ay8@r time periodor analysis with a

0% discount rate, while EU appti@ 20year production periodAlthough the annualization
method is simple, it is not without its own inadequacies or areas of controversy. When
considering the time profile, two main assumptions hhgenost significant impac(l) the
analytical horizon considered, a(®) the discount rate applied to future emissions.

69



3.1.1 ANALYTICAL HORIZON

The selection of the analytical period used to amortize indirect GHG ensissiarhave

considerable impact ahe final aggregated ClI results for ILUC. If shorter periods are

considered, the large upfront emissions occurring during the initial land conversion are
apportioned over a smaller time, providing | e
Additionally, any emissions, positive or negative, occurring beyond the analytical time horizon

are truncated. If a long time horizon is considered, emissions impacts from the large upfront
emissions are generally lessened. If the time horizon extendsdothbiofuel production

period, there may also be a recovery period that can be considered, further lessening the carbon
debt.

The selection of time frame is somewhat arbitrary, and although policies have generally agreed
upon a period of 30 years (Elg@ies a 26year time frame), there are consequences of selecting
both storter and longer time frame3.he EPA gave the following reasons for selecting &4

time frame

AThe main reasons for why a short time period is appropriate: this time frame is
the average life of a typical biofuel production facility; future emissions are less
certain and more difficult to value, so the analysis should be confined insofar as
possible to the foreseeable future; and a Aeam time horizon is consistent with

the latest climate science that indicates that relatively deep reductions of heat
trapping gasses are needed to avoid catastrophic changes due to a warming
climateo

Inbotht he EPAG6s draft r €RJA) lard fimalRIA, caseyer@ présenteth al y si s
for 30-year time frame with 0% discount rate antl00-year time frame with 2% discount rate

[2]. In both cases, the time horizon coincides with the production period to avoid the issue of
reversion emissions (discussed in more detdé#lection3.1.3. EPA reviewers suggested time
periods ranging from 13 years (which corresponds with the policy time frame to the year 2022)

to 100 years. Many agree that a shorter time frame that coincides with theslidetiel

production facility (20 to 30 years) is more defensible and emissions are more certain than over a
longer time frame such as 100 years (Fargione, Heimlich, Maransidll in[10]). However,

some (Richards) argued for §8ar time frames to encompass all emissions resulting from the
project. A longer time frame introduces the issue of land reversion emissitresbiofuel

production period is shorter than the time frame. In general, the reviewers agreed that
consideration of reversion emissions is toceartain and should be avoideBased on the

review and other comments, the EPA settled on-ge20 time frame for the final rule.

The time accounting met hodol ogi eegperawogkdroued i n
review, with similar disagreement and general recommendatiohsssfrom the EPA.

CARBSGs time accounting workgroup recommended a short project horizon since a shorter time
period promotes fuels with lower upfront LUC costs and earlier benefits, and since it is more
difficult to predict future production methods arfts in fuel usage over the long term.
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Some of the advantages and disadvantages discussed for shorter and longer time frames are
presented iTable3-1 below.

Table 3-1: Advantages and Disadvantages for applying short or long time frames in GHG time accounting.

Time Frame Advantages Disadvantages
Short Time Emphasizes importance efrly emissions in | Truncates potential benefits that occur over
Frame (2630 the atmosphere. time.
years)

az2NB aO02yaSNDI GA@SE
are more uncertain

A shorter time frame may undgaredict the
actual fuel production period, but then biofug

would outperform whereas an overediction
might result in irreersible GHG releases.

Long Time Fran GHG persist in the atmosphere for long Increases Uncertaintghanges in market
(100 years) periods; 100 years is similar to GWP conditions could see a decline in biofuel use
accounting. over a shorter period of time; benefits would

. . .| never be realized
Allows for the consideration of land reversio

land conversionafter biofuel production. Reduces the importance of large fpont

. o emissions.
Long term biofuel production is reasonable t

consider because advances in technology a
decreases in production costs make it more
competitive with respect to conventional fue

(EPA benefit) RFS does not have a specifie
date.

Climate change is a long term problem, allo
the opportunity to assess intergenerational
issues.

A time period is also applied to estimate and make comparisons between various GHGs in

applying the GWP. The most frequently used time period for GWP is 100 years, which is
considered ai @apbpol bi mganhi mg hbat the accountin
emission of the GHG.

3.1.2 DISCOUNT RATE

The continuing existence of GHG in the atmosphere brings up the question of how to rate the
relative importance of GHG emissions over tinfdie IPCC has notethatrisks associated with

climate changéncluddoss ofglaciers and biodiversity98]Under such a scenariib near term

emi ssions arenodot reduced, | ongeobreevesetheseduct i on
impacts. When considering ILUC emissions occurring over a long period of time, it is therefore
important to consider how current emissions may have more anipast than future

emissions.This can be done by applying a discount tatereight the damage done by

emissions in different time periods. Every year that an event is delayed makes it worth less by a
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percentage, called the discount rate. By applying a discount ratdermaagmissions are
weighted more heavily than futurenessions

The application of a discount rate to ILUC 600
emissions from corn ethanol is showin w30 year, 0% discount rate

Figure3-2'. When no discount rate is >0 w30 year, 5% discount rate |
applied(blue bars irFigure3-2), future

emissions have a greater value than whei

400 ANPV, 30 year 0% -

—— ANPV 30 year, 5%

kg CO,,qf MMBTU

discount rate is appligded bars)rhe net >0 :
present value (NPV, which is the sum of ¢ 200

emissions over the given time frame, 30

years in this case) of the discounted 100

emissions are less than the NPV of the-nc 0 -+ WHLLHLLLU-
discounted emissions. However, when th 0 5 10 15 20 25
NPV of the emissions is annualized to Year

determine an annual net present value Figure 3-2: ILUC emissions of corn ethanol (EPA

analysis) with 0% and 5% discount rates and 30 year
time horizon.

(ANPV), they are treated as a mortgage
payment on a loan, with the discount rate
acting as the interest rate. Therefore, a 0%
ANPV of the ILUC emissions are less thahen a discount rate is applifalue line compared

to red line) Therefore, a zero or low discount rate favors biofuels.

Discounting is an economic practice that is used to determine the value of investments over time,
and is being applied ohysical GHG emissions as a method to compare future versus current
emissions. Whether or not to apply a discount rate aradtivd appropriate discount rate to use
haaebeen debated. In the EPAOs Review prmgcess f
methodologies had dissenting opinions on the use of a discoyaDiat8ome argukthat the

use of a discount rate is toacertain, further complicating the ILUC analysis. Additionally,

some argugthat discounting is an economic practice, which may not apply to physical
phenomena, since a release of a unit of @ars from now may do more or less damage than

the same unitlischarged today. Instead, GHG emissions should be valued monetarily through a
damage factor or social cost before discounti®§,11,10] However, others argdehat a zero
discount rate does not give enough emphasis to the importance of reducing near $srangmi
Arguments for and against discount rates are givdrabie3-2.

YErom EPA analysis of corn ethanol. Results shown are for year 2022 baseline resditg wiill, natural gas,

corn ethanol plant with CHP and DDGS. Excel spreadsheets for corn ethanol LCA results can be found in docket
ID number: EPAHQ-OAR-20050161-3173.6 aivww.regulations.govDocket results we modified to show

results for a 5% discount rate.
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Table 3-2: Arguments for and against discounting ILUC emissions.

Arguments for Arguments against
0% or No 1 Simple, reduces uncertainty. 1 Gives no incentive to reduce emissions in
discount rate near term since future technology advancg

1 Avoids the issue of intergenerational equit
since all benefits and damages are weight
equally for current and future generanas.

will provide better and cheaper opportuniti
for the same benefit.

Discounting 1 Weights current emissions heavier than | { Intergeneration Equity issue: discding
future emissions, since they will exist in th| gives less weight to the wdbleing of future
atmosphere longer and likely cause more | generations.

REYF3IS 2NJ NBadz G Ay

sooner. 9 Lack of consensus for an appropriate

discount rate.
1 The risks associated with climate change
include irreversible damagewhich increase
with increasing atmospheric GHGs.

9 Applies an economic principle to a physica
phenomenon, which introduces further
uncertainty (Do we really know if emission

1 Any futurereductionsin emissions should n|  will cause morer less damage in the futurg
be valued the same as current emissions
since they will have less benefit and will bg
less likely to reverse damages.

1 Applying a discount rate increases the
uncertainty when determining ILUC
emissions.

The appropriate discount rate to use is also heavily debated. The selection of a discount rate
requires consideration of multiple additadvariables including the rates of carbon accumulation

and decay and estimates of marginal damages arising or avoided from atmospheric carbon
stocks[100] The EPA reviewers suggested discount rates ranging from 0 to [1@P6.

Discount rées ranging from 2.7 to 7.9% are recommended by the Office of Management and
Budget[101]. Since high discount rates imply a low value for future GHG emissions resulting
from todayods actions, -B%ameeconsidkiedncore approprja@®l.t es of
Others argue that ILUC emissions are highly uncertain, so applying a discount rate is

meaningless.

Some suggeshat as carbon stocks in the atmosphere increase, each additional unit released
brings us nearer a catastrophic Atipping poin
result in more damage which means that a negative discount rate shoséti j200]

Although both the EPA and CARB have currently settled on a 0% discount rate for their
analyses, someguie that by rejecting a discount rate, GHG emissions occurring today are the
equivalent of those occurring 30 years from now. This methodadlogy not take into account
irreversible impacts that may be caused as a result of highetreneaemissions redting from

LUC. It alsoimplies that owing to technological advances, it will be cheaper to avoid emissions
in the future for the same benefit as emissions avoided tfd395]

Other methodologies have been discussed to more apprhpdates c ount emi ssi ons.
proposed relating emissions using cumulative radiative forcing (CRF, discussed below) which
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treatsemissions similarly as those that are weighted by GWH. Others argue for applying a
cost to carbon, which can then be discounted appropridted®,103]

3.1.3 LAND REVERSION

The use of biofuels is not expectedcontinue indefinitely, which will likely result in a

subsequent lancbnversioronce the biofuel program ends and/or the biofuel feedstock is no
longer grown. This introduces the possibility that the land would either revert to its prior state or
be rediected for other uses. When the analytical time frame considered is longer than the
project time horizon, what happens to the land-postiuction needs to be considered.

The possibility of revegetation of land after the biofuel program ends may lead to additional
carbon sequestration as the native vegetationgsawn (as illustrated iigure3-1). This
sequestration could reduce the carbon debt of the biofuel if considered in the ILUC analysis, and
some argue that these reversion emissions should be included. Delucchi arghesstiméof

the biofuels program will be marked by a reversal of the expansion of demand, resulting in some
amount of land reveion which should be considerg@6] although these reversion emissions

are not likely to entirely offset the initial LU@missions because of changes and fluctuations in
supply and demand over ti me. Additionall vy,
as much value as emissions avoided today, so time accounting practices should include
discounting.

Others, hwever, argue reversion emissions are too uncertain and should not be considered. In
the EPA and CARB policy review processboth work groups reached a general consensus that
reversion emissions should not be included. Some argue that the subseguese lstmould

receive the credit for any carbon sequestration, and would be double counting if it were already
accounted for by the previous crop, while others argued that future land use is too uncertain and
there is no way to know if the land would actyaévert a if it would be kept in crop
production[10,95] In this case, the biofuel could receive a credit thaeiver realized.

Reversion emissions are not included in either the current LCFS or RFS2 methodologies. In
RFS2, the analytical horizon is considered to be the same as the production period to avoid the
issue of reversion emissions.

3.2 CUMULATIVE RADIATIVE FORCING & FUEL WARMING
POTENTIALS

When a GHG is released to the atmosphere, it has a cumulative impact that increases with its
time in the atmosphere. Other methodologies of time accounting have been proposed that take
into consideration the cumulativéfexts of GHG. Several methodologies have been proposed
that are based on a calculation of the cumulative radiative forcing (CRF) of the ILUC emissions.

CRF has been widely useddstimate the global warming potentials (GWP) of different gases,
and atempts to include the cumulative effect of GHGs as they persist in the atmosphere. CRF is
a measure of additional warming the atmosphere experiences over a particular time interval due
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to the increase of GHGs. The Radiative Forcing (RF) is determinediliplging the radiative
efficiency (a) of a component (i) by the tirdependent decay function of the gas [Ci(t)] as

shown on the left hand side of the equation below. The CRF is then determined by integrating
the RF over the entire time horizon (TH).

TH TH

| RF, @) at | a,-[c, (1)] dt
] 0
GWP, = = _
H TH Equation 1104]
| RE, (1) dt | a,-rc, @ at
o g

GWPs are determined on a-2000, and 500year time frame for different GHGs by comparing

the CRF over each time period to the CRF of the same amount of a reference gash(iiy whic

typically CQO, to determine C@.q The 1008year GWP is most frequently used in LCA,

however, the time frame selected for the GWP is critical due to the differences in residence time

of GHGs in the atmospherd@.able3-3gives the lifetime, GWP and radiatieéficiencies for 3

primary GHG. Methane has a much shorter lifetime in the atmosphere than gloesoN has

a higher GWP when considered on a shdmee frame. When the time horizon considered is
shorter than the gasbdés | ifetime, the remainin
warming within the time horizon equal and then truncates warming beyond the analytical

timeframe.

Table 3-3: Lifetimes, radiative efficiencies and direct GWPs relative to CO,. [104] Note: data taken from IPCC/

TEAP 2005.
Lifetime Radiative Global Warming Potential for Given Time Horizor,
GHG Formula | (years) Eficiency 20-year 100-year 500-year
Carbon Dioxide (oe) 1 1.4*105 1 1 1
Methane CH 12 3.7*104 72 25 7.6
Nitrous Oxide N,O 114 3.03*1063 289 298 153

3.2.1 FUEL WARMING POTENTIAL

O06 Har e, vemdposedlapplyihgahe CRF methodology to time accounting of ILUC

emissions, which removes consideration of economic discount rates, instead relying on physical
science for the calculation. Odhysicalduelappl i es t
warming potentialwhich compares the CRF of a biofuel to the CRF of a referencdXt§The

following calculations can be applied using the Biofuel Fimegrated Model of Emission

(BTIME). [105]

The Physical Fuel Warming Potential (FWPp) is the ratio ®GRF associated with a biofuel
scenario (CRFb) and a gasoline scenario (CRFg). The FWP is a multiplier for the direct
emissions to estimate a fuel warming intensity (FWI), given in g Q@J'l, that can be
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compared between fuels (this is similar to GWP, which is multiplier for each gas to convert a
gram of emissions into a gram of g&Qemissions).

@0y = oY@ 5YQ Equation 2

This method is similar to GWP except that it guares to fuel production scenarios rather than to
GHGs over the same time perioBigure3-3 illustrates the accumulation of G@ the

atmosphere for ethanol versyssoline. The annual emissions streams over time are shown by
the dashed lines for gasoline and ethanol (95 g QJ‘l vs. 60 CQ ec{\/IJ'1 direct emissions

over 25 years, respectively). The emission stream is converted using the Bern carbon cycle
modelinto additional CQin the atmosphere as shown by the solid lines. Due to the large initial
emissions, ethanol production leads to highep &élindance for the fir@0 years. Although a
crossover occurs after arourzD years, the damage caused by tieeol emissions is greater
since they have been in the atmosphere longer. This is illustrated by the cumulative warming
effects, captured by the FWP and fuel warming intensity (FWI) metrics shogure3-4.
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Figure 3-3: CO2 abundance resulting from ILUC and direct emissions of ethanol (25 years at 60 g COzeq MI™h
and gasoline (25 years at 94 g COzq MJ’l) (From [11,105])
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Figure 3-4: Fuel warming intensity (g CO2.q MJ"l) vs. analytical horizon (From [11,105]).

A discount rate can be applied to the FWP to give an economic Fuel Wdtotergial (FWPe).
I n O6Hared6s methodology, the radiative forcin
of the net present values:

"@lg= YV Equation 3

There is growing support behind the use of the FWéthodology because it is analogous to the
GWP method to convert GHGs into a £€yjuivalent value and follows the wddhown
methodology of radiative forcing. It can also be used in conjunction with a discount rate. The
FWP method takes into consideratlwow concentrations of GHGs and warming change over
time. However, it does add additional computational complexity because it requires calculation
of future GHG concentrations, as well as concentration dependent radiative forcing.
Additionally, a damageuinction needs to be determined. In lG€ review ofE P A time
accountingapproachHeimlich suggestethe followinglimitations be addressed before the FWP
methodology should be employED]:

1. Decay rate for atmospheric G@ssumes a constant background atmospheric
concentration. In reality, radiative efficiency for a unit of £iecreases nohinearly as
atmospheric C@corcentration increases, and G@tmospheric residence time
increases.

2. FWP assumes that GHG radiative efficiency is constant.

3. FWP only deals with CQit does not include methane or nitrous oxide.
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3.2.2 TIME CORRECTION FACTOR

Kendall has proposed usingiaé correction factor (TCF) that can be used to adjust the value of
amortized emissions which also follows the CRF mét@6]. The TCF method is similar to the
FWP method, but instead compares the CRF of a pulse of emissions to the CRF of the emission
amortized over a set time horizon. The TCF method was developed to address the cHallenge o
representing climate change effects of amortized €@fissions in LCA, which is distinct from

the FWP method in that the FWP metric compares biofuels to conventional fuels, which provides
a means to discount.

3.3 OTHER METHODOLOGIES

As part of the CARB ExpeéWork Group (EWG) activitiedwo additional methodologies were
discussed which have not begaublishedn peerreviewed journals. A summary of the
methodologies as they are described and discussedEWereportss given below[95]

3.3.1 BASELINE TIME ACCOUNTING

Kloverpris and Mueller have introded a baseline time accounting methodology in which ILUC
is measured relative to baseline changes in land1&407] They argue that agricultural lands
are expanding in the developing world, but contracting in the developed world. Increased
biofuels may cause land to come into use sooner than it otherwise weohédigveloping

world, resulting in more warming, amday cause land in the developed world to stay in
production longer which would delay reversion and result in additional GHGs. In the baseline
time accounting metric, the GWP over 100 years is used to determine an ILUC factor which is
independent of the pduction period.

Kloverpris and Mueller havexpandedhis concept into avhite paper that gives the full
description of the methodolog@5] Themembers of the EWG subgroup assessing the issue of
time accounting gearally agreed that more work and description of the baseline ticoirsitng
methodology is needed before it should be considered.

3.3.2 SIMPLIFIED TIME ACCOUNTING

The simplified time accounting method discussed in the CERES reports based on the

Baseline Time Accounting methodology, avoids assumptions about the procherieh, and

does not require analysis of atmospheric forcing or residence. In the simplified time accounting
method, a variable equivalent ILUC dischargeJ®at can be added to the direct emissions is
calculated with the following equation:

Gov= Ge- (1-nNGe = rG¢ Equation4

WhereGdis the ILUC discharge associated with increasing production capacitﬁ(ﬂh,gJ\/lJ'l)
andr is the discount rate.

78



Some of the CARB reviewers argued agaihs methodology, however, since it adds to the
uncertainty and des not eliminate the complication of choosing a subjective discount rate.

3.4 SOCIAL COST OF CARBON

Rather than applying a discount rate to a physical carbon unit, it has been suggested that the
social cost of carbon can Ihe eapplciae @id@Iho cdatt &m
The social cost of carbon (SCC) is a dollar value assigned to each unit of carbsiom@sni

which reflects the price of damages occurring both today and in the future caused by each
additional ton of CQreleased into the atmosphere. In GHG reduction projects, the SCC is used
to measure the financial value of damages avoided, and thestieéobenefit of the mitigation
project.[103] Therefore, the larger the SCCetmore attractive the projedthe SCC is a critical
element in the codienefit analysis of climate change since current climate policy proposals (e.g.
a carbon tax or a caandtrade allowance market) are based on the price of carbon emissions. A
higher SCC gives emphasis on the risk of catastrophic climate change and provides incentive to
reduce emissions.

The SCC is estimated by combining scientific models of global warmingavgititieeconomic
model of the underlying impacts. Models to predict the SCC include DICE, FUND, and PAGE.
[108] There are sometcal judgments that must be made to determine a SCC. For example,
the loss of an endangered species is difficult to mon¢1i@8] As such, there is disagreement on
how the SCC should be calculatethere are large uncertainties surrounding SOGe of the
primary uncertainties in its determination is the discounting scheme that is applied. Some
suggest that a declining disett rate should be used in which the discount factor (or weight that
is placed on future emissions) increases over time. In a sensitivity analysis by Guo, applying
different discounting schemes grossly affected the SCC, with prices ranging-B@mdb$26

/tC (in 2005 prices). A negative SCC (which was estimated at a 3% discount rate, the highest
evaluated) indicates that near term benefits outweigh future damages because of heavy
discounting. The variability reflects the large amounts of uncertainmtpunding the

determination of an SCC.

Marshall points out that the SCC can be applied to time accounting for biofuel ILUC to
determine a fAdamage weanleltcampated antoagst fudlie resuti nt e n't
is a physical discount rate that is much lower than an economic discoufit@8j€o date,

however, asocial cost has not been included in alternative fuel policies.
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4 N0 EMISSIONS FROM AGRICULTURAL ACTIVITES

4.1 BACKGROUND/INTRODUCTION

Nitrous oxide (NO) is a colorless, netoxic, norrflammable gas with a slightly sweet odor. It

has a variety of smallolume uses including anesthetics (laughing gas), aerosol propellant,
oxidizer for rocket fuel, and others,® is also an important species in the overall biochemical
geochemical cycling of nitrogen. It is produced naturallyails by microbial processeof

nitrification and denitrification. The oceans are also recognized as a significant natural source of
N20. In rough terms, approximately 1/3 of globalONresults from ocean sources, with 2/3

resulting from land sourcgS3].

Due to its potent greenhouse gas (GHG) behavior, and its influence by human actix@iées, N
considered an important contributor to anthropogeniéatiuced radiative forcing of climate
changeFigure4-1, taken from the most recent Intergovernmental Panel on Climate Change
(IPCC) report, shows the relative importance gONompared to other radiative forcing
substances. Because much o$ RO originates from agricultural activity, it is of considerable
interest in lifecycle assessments (LCAS) of biofuels. In this chapter, we discuss several topics
related to MO from agricultural activitie$ including formation mechanisms, modeling
appoaches for determining inventories, and potential mitigation measures.
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Figure 4-1: Radiative forcing of climate between 1750 and 2005. (Taken from IPCC-2007 [54])
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4.2 N,O OCCURRENCE AND INVENTORIES

The preindustrial atmospheric concentrationofON i s esti mated to be 270
concentration is approximately 322 pjaid,13]. The current rate of increase is 0.26% per year.

As shown inFigure4-2, the atmospheric concentration ofNhas risen sharply during the past

century; although the rate of increase is less than that of carbon dioxigeof@&@thane (Ch).
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Figure 4-2: Concentrations of long-lived GHGs over the past 2000 years. (Taken from IPCC-2007 [54])

N2O is removed from the atmosphere by photolytic reastwith ozone in the stratosphere

[109]. In fact, NO is regarded as an ozedepleting substance (ODS) of increasing importance,
as emissions of chlorofluorocarbons (CFCs) are declidib@]. N,O is now thought to be the

single most important ODS, although it remains unregulated under the Montreal Protocol, which
limits other ODSs.

However, of primary concern hereis®é s gl obal war miwhichispnachent i al
higher than that of COThe exact value ofX06s GWP i s somewhat conf usi
Assessment Report (SAR) from the IPCC (IRCIR6) a GWP value of 310 was assigned to

N,O (for a 100year time horizon)111], meaning that 1 kgf N,O in the atmosphere has the

same radiative forcing effectas 310 kgofCO I n | PCCb6s Third Assessmer
(IPCG-2001) the GWP of pD was revised to 296G3]. In the Fourth Assessment Rep@R4)

(IPCCG-2007) the GWP was further revised to 298].
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Most literature reports during the past decade have used either th (RC©r IPCE2007
valueforNO6s GWP (296 or 298). HowesytherU,S. (dndothero f f i ¢ |
countries) continue to use the IPQG96 value of 31013]. This is in accordance with GHG

reporting standards under the U.N. Framework Convention on Climate Change (UNFCCC; of

which the U.S. is a signatory), and is done so that current estimates of GHG emissions are

consistent and comapable with previous estimates.

As with all GHGs, NO emissions inventories are generally expressed in units of teragrams (Tg)
COseq (I-Tg = 102 g = 1 million metric tonnes.) Detailed,® emissions inventories for the

U.S. have recently been reportgdtbe U.S. EPA13]. The inventories for three time nieds

(1990, 2000, and 2009) are providedrigure4-3, which shows that agricultural soil

management is the dominant source of anthropogei@carissions, accountrfor

approximately 60% of the totalSimilarly, on a global basis, IPCC estimates that agriculture is
responsible for 58% of total & emission$54]. Figure4-3also shows that thé'@argest

contributor to the BD inventory, mobile combustion, was reduced substantially between 2000
and 2009. This reduction is attributed primarily to phasef moreeffective emissions control

systems on lightuty vehicles.
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Figure 4-3: Total U.S. Anthropogenic N2.O Emissions Inventories, Tg COzeq. (Data from U.S. EPA[13]).

Total U.S. GHG inventories from 1990 and 2009 are presentédume4-4, showing the

relative global warming potential (GWP) of the major GHG contributors. This illustrates that

N2O emissions represent only a small fraction of total GV8PL% in 1990; 4.5% i2009. (U.S.

N2O emissions in the year 2000 are not shown here, but can be interpolated from the 1990 and

2009 data.) On a global basis;Nprovides a somewhat larger contribution to total GWP than in

the U.S. As shown iRigure4-4, the U.S. EPA estimates thai®lcontributed 7.5% of total

global GWP in the year 20Q@12]. It is interesting to note that both globadigd in the U.S.,

met haneds contribution to the totaDbéds$SHG i nven
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contribution. However, only a small fraction of this methane is related tdivestock
agricultural activities the subject of this report.
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Figure 4-4: Total GHG Inventories, Tg COzeq. () U.S. 1990; (b) U.S. 2009; (c) Global 2000. (Data from U.S. EPA

[13,112])

U.S. emissions inventories are commonly disaggregated by economic sector. Such a breakdown
of GHG emissions is provided Figure4-5, which shows that overall, the agricultural sector is a
rather small contributor to total GHG emissions.Kigure4-5, CO, emissions from electricity
generation are distributed across the relevant economic sectors.) This figure also illustrates that
GHG emissions from the agricultural sector in the U.S. have beeiveblaonstant over the

past 2@years, whereas emissions from the other sectors have varied significantly. A sharp
downturn due to the recent economic situation is particularly evident in the industry and
transportation sectors.

As opposed to all otheestors, which are dominated by €émissions, GHG emissions from
the agricultural sector are dominated byoNand methane (CGJ The main sources contributing
to these two GHGs in the U.S. in 1990, 2000, and 2009 are shduguire4-6. Field burning of
agricultural residues contributes a very small fraction of U 8. &mnissions, but is more
significant in some other countries. For example, in Australia, it is dstihtlaat prescribed

bur ni

ng of

savanna

i s

responsi bl e

forxOappr oxi

emissiong113]. [Not shown inFigure4-6 are CQ emissions attributed to the agricultural sector,
which contributes approximately & Tg in each time period. The USDA also estimates that
U.S. agricultural soils provide a small net sink-@DTg of CQ) [114]]
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Figure 4-5: U.S. GHG emissions trends. Emissions from electricity generation are distributed to the relevant
economic sectors. (Taken from U.S. EPA [13].)
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Figure 4-6: Non-CO, GHG emissions from the U.S. agricultural sector. (Data from U.S. EPA [112].)

Overall, CH, and NO have comparable contributions to total agricultural sector GHG emissions
in the U.SHowever, most of the CHemissions are attributed to enteric fermentation in

livestock which is outside the scope of interest for this report. USDA estimates that corn is the
leading crop for BO emissions, followed by soybeans and wijiga4]. Emissions from corn
cropping are high because of the extensive land area used for corn production, and the large
amounts of nitrogen (N) fertilizer applied.

On a global basis, the agricultural sector is a larger contributotal GHG emissions than in
the U.S. Global estimates suggest that agriculture is responsible for 32% of total anthropogenic
GWRP, as opposed to only 8% in the UI3,112] It is also estimated that agriculture is
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responsible for about 80% of global anthropogeri© mission$115,116] as compared to
only about 60% in the U.S. Other difences between U.S. and global agricultural GHG
emissions can be seenHigure4-7, which shows noit€O, GHG inventories projected from
1990 to 2020. (The units uskdre, Mt CQgq, are identical to Tg C£24) Of major concern is
the global increase in ng@O, GHG emissions over this 3@ear period. This increase is a
consequence of producing more food (and higher quality food) to satisfy the growing global
populaton. Also shown irFigure4-7is the relatively large contribution of rice cultivation to
global agricultural GHG emissions, as compared to the small U.S. contribution (cd¥iguase
4-6 andFigure4-7).
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Figure 4-7: Global non-CO, GHG6 s f r o ncultuhabSedq. (Taken from U.S. EPA [112].)

As shown inFigure4-7, muchof theprojected increase in global GHf&em the agricultural

sector is attributed to soils. §8 formation mechanisms in soils are discussed in a later section.)
Figure4-8 shows where this growth ofz2@ emissions from soils is expected to occur, with the
majority coming from the developing world, particularly China, Latin America, Africa, and
Southeast Asia. JD soil emissions from countries comprising the Organization for Economic
Cooperation and Develament (OECD), which includes the U.S. and Europe, are expected to
remain nearly constant.
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Figure 4-8: N2O Emissions from agricultural soils. (Taken from U.S. EPA [112].)

In the most recent national GHG inventory, EPA has followed the {RC@nmended approach

for

esti

mat i

ng

uncertai
Monte Carlo Stochastic Technig[i8]. The overall GHG inventory has relatively low

nty.

For t hi

S

pur pose,

uncertainty, since it is domated by reasonably wethown CQ emissions. However, the,®
inventory has considerably higher uncertainty, as illustrated beldafile4-1.

Table 4-1: Estimated Uncertainty in U.S. GHG Inventory (From U.S. EPA [13])

GHG Value Devia‘[ion, Relative Std.
pect Tg CO
Tg COpeq g U2

CO, 5,622.5 97.5 1.73%

CH,4 702.8 45.3 6.45%

N,O 334.2 42.1 12.60%
PFC, HFC, & SF¢ 143.7 4.8 3.34%

Total 6,803.2 115.0 1.69%

4.3 N,O FORMATION MECHANISMS

N»O is an important component in the overall nitrogen cycle by which nitrogenous species are
converted among various chemical forms throughout the biosphere. Key processes within the
nitrogen cycle include nitrification, denitrification, fixation, and mitieegion[117]. A
depiction of the nitrogen cycle involving agricultural soils an@®@Mmissions is provided in
Figure4-9. As this illustrates, pD is emitted directly from soils, but also from numerous indirect
sources including reaction of NOx and NiHat are lost from soils by volatilization, nitrogen
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species that leach from the soil, decomposition of crop litter and other vegetation, and
degradation of human and animal wastes.

l Atmospheric N;

\

’/"\
N,0

N,0 -
Fertilizer
production

Soil organic
matter /

Figure 4-9: Nitrogen cycle of agricultural soils and its relationship to N,O production. (Taken from Oonk &
Kroeze (1998) [118] by permission of John Wiley & Sons, Inc.)

Direct emissions from land are the largest agricultural sourcegiTNese emissions result

from a complex set of microbial soil processes that include both nitrification and denitrification
[119,120,121] As shown inrSchemet-1, nitrification involves conversion of ammonium (MM

to nitrate (NQ), with nitrite (NG as an intermediaf@22]. These oxidative processes occur
under aerobic conditions by the action of various soil microorganisgsid\oroduced by

specific bacteria as a minor4pyoduct in the oxidation of nitrite (NQ to nitrate (NQ)

[123,124] Nitrification converts relatively immobile Nfito highly mobile NQ@, which is

more available for plant uptake, but is also susceptible to leachingheoswil[125,126]

Scheme 4-1
Nitrification Process
NH,”Y NLOY NDO

Numerous parameters influence the extent of nitrification within soils, including availability of
oxygen, moisture content, soil organic matter (SOM) content, temperature, and pH. However,
from amanagement (and modeling) standpoint, perhaps most critical is the availability of
ammonium, which is directly influenced by application of nitrogen fertilizer. Hence the
importance of applied N as a model input when estimati@ énissions from agricultal
activities. (These models are discussed in a later section.)
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Denitrification is the process by which N@ transformed to nitrogen gasANThis
transformation occurs through a series of chemically defined steps, as staetreme
4-2[127,128] with N,O being produced as an intermediate spd&i&3,120,124] This reductive
transformatio proceeds under anaerobic conditions, and involves a number of microbial
induced processes.

Scheme 4-2
Denitrification Process
NOsY NO,Y NO YO N, N

Nitrification and denitrification processes can occur simultaneously within soils, creating a

complex (and difficult to model) situation. The balance between aerobic and anaerobic

conditions is affected by numerous factors, including soil type, tillaggipeamoisture level,

and others. One particularly important parameter in this balance is thefilledegpore space

(WFPS) within the soil. Anaerobic denitrification processesgenerally not versignificant

until the WFPS becomes quite higlat least 6680%, depending upon soil type. The extent of

WFPS changes rapidly with precipitatdon (or i
burstso from the soil, racesses.i ng from rapid den

Besides the direct emissions of\from soils, there are several indirect processes by which
N0 is emitted into the atmosphere. These incluedeposition of volatilized nitrogenous
species, leaching and runoff of nitrate from soils, and sewagtment processes. Both direct
and indirect MO formation processes are discussed below in the contextofmddeling.

4.4 MODELING APPROACHES FOR AGRICULTURAL N,O EMISSIONS
INVENTORIES

A variety of modeling approaches have been developed and appéistiniate NO emissions

from agricultural activities. Perhaps most widely used are the approaches developed by IPCC to
estimate countryvide NbO emissions inventories. A different approacmvolving use of a
processhased model for determining direci®lemissions- is used by the U.S. EPA. Both of

these approaches, and variations of them, are discussed below.

4.4.1 IPCC MODELING APPROACH

The United Nations Framework Convention on Climate Change (UNFCC) requires that all

countries periodically update and pwghlinational inventories of GHGs, using comparable
methodologies. By necessity, this requires a fairly simple approach using readily available inputs

that can be broadly applied to provide couitre v e | Il nventories. | PCCObs i
methodology devepment, called Phase |, was published in the 1995 IPCC Guidelines for

National Greenhouse Gas Inventoli&29].
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4.4.1.1 IPCC 1995 Methodology

The IPCC Phase | effort was based on the state of knowledg®adissions that existed at

that time, as documented in earlier IPCC repgd@§] and literature reviewfl31,132] While

the complexity of a0 enmissien$ was fullg @cognized,fitivasence on
necessary to develop a simplified modeling approach utilizing input variables that were readily
available. As descrilaepreviou$y, the importance of nitrogen fertilizer inputs uposON

emissions was known. In addition, reliable information about land areas used for agriculture and
amounts ofppliedfertilizer was available for many countries using databases of thedUnite
Nations Food and Agricultural Organization (FAO). Consequently, a simplified approach of
estimating direct BD emissions from agricultural cropping lands was developed, based solely
upon the level of nitrogen inputs to the soil. A conversion factor2&% .+ 1.0% was adoptéd
meaning that 1.25% of applied nitrogen would eventually be emitted from the soil in the form of
N2O. The derivation of this factor was described by Mosier ¢13l]. It was based upon

evaluation of several experimental studies that had been conducted, and wasl belever

more than 90% of the published dft83,134]

The nitrogen inputs considered in the IPCC Phase | approach included syettigtiers,

organic nitrogen from manure application, nitrogen remaining in crop residues, and biological
nitrogen fixation. However, no clear mechanism existed to estimate nitrogen inputs from either
crop residues or Nixation. Also, no mechanism existéo account for indirect )0 emissions
resulting from soil leaching and runoff. The same direct conversion factor of 1.25% was applied
to all soil types, cropping systems, and climate regiogen though it was known thap®

emissions are affected bizanges in these parameters. However, because these relationships are
very complex, and insufficient data were available to properly address them, it was expedient to
utilize this simple, conversion factbased stimate for deriving nationdével N,O inventories.

4.4.1.2 IPCC 1997 Approach

Following publication of the IPCQ995 Guidelines for National Greenhouse Gas Inventories, a
Phase Il Workgroup was convened to develop an improved methodology for estim&ing N
emissions from agricultural activities. The effoof this Workgroup are described by Mosier et
al.[135,136]and were incorporated into the revised IPCC Guidelofel997137]. This

updated methodology defined and estimate® Bmissions in threeategories: (1) direct
emissions from agricultural soils, (2) emissions from animal production, and (3) emissions
indirectly induced by agricultural activities. & methodology relates J0 emissions to the
agricultural nitrogen cycle, and to systems intach nitrogen is transported once it leaves the
agricultural system. Compared to the previous IPCC approach, the 1997 methodology was much
more comprehensive, although it still ignored impacts of climate, soil type, and cropping
systems. Further descripti® are provided below for each of thgONemissions categories
considered by IPCQ997.
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Direct soil emissions

As described above, biogenig@®l emissions from soil result from nitrification and

denitrification processes, with,® being produced as an inteediate in both processes.

Addition of fertilizerN stimulates additional O formation, although the effects are highly
specific, and vary with soil type, moisture level, temperature, pH, soil carbon availability, and
other factors. Another important tac with respect to fertilizer application is loss of some
nitrogen by volatilization of certain nitrogenous specigarticularly nitric oxide (NO) and
ammonia (NH). Once these species are volatilized, they are no longer available to participate in
thesoil production of NO through nitrification and denitrification processes. In the [RQ@7
approach, a distinction was made between synthetic fertilizer and manure application with
respect to volatilization of NO and NH-or synthetic fertilizers it wasssumed that 10% of the
applied nitrogen was lost due to volatilization; for manure usage, 20% of applied nitrogen was
assumed to be volatilized. For the fertilizand manuralerived nitrogen that was not

volatilized, a fixed fraction was assumed tautes N,O emissions. This fraction, defined as
emission factor Ef;f was 0.0125 (+ 0.01) kgJ®-N/kg N inputi the same factor as was used in
IPCCG-1995.

Another important soil nitrogen input arises from atmospheyitidation, which occurs with
leguminouscrops. This fixed nitrogen can participate in nitrification and denitrification
processes in the same way as fertilikethus providing a source of;N. The amount of
nitrogen added to the soil by means offiXation is variable and poorly known. Foational
inventory purposes, IPGC997 assumed that the mass of soil nitrogen from fixation was two
times the crop yield mass times the nitrogen content of the crop. Due to lack of other
information, a default value for nitrogen content in leguminous on@ssset at 3.0%d.hese
seemingly arbitrary values were derived to be representative of the few literature reports
available at that timg135,136Crop yields are available from the U.N. FAO database for many
crops and countries. A fraction of this fixed nitrogen is assumed to prod@cemissions in the
same way as does fertilizapplied nitrogen. Thus, the same ssivn factor, EE (with a default
value of 0.0125 kg pO-N/kg N input) is applied to fixed nitrogen.

Another direct source of agriculturap® emissions is degradation of crop residues. The nitrogen
content of the plant residues may be known in speafes, but default values are used in most
cases. For Mixing crops, it is assumed that crop residues (on a dry mass basis) contain 3.0%
nitrogen, while nofN-fixing crop residues are assumed to contain 1.5% nitrogen. The mass of
crop residue is assumedie twice the mass of the edible crop, which is available from FAO
databases. Because nitrogen from these crop residues is believed to participate in nitrification
and denitrification processes in the same way as fertéigplied nitrogen, the same eniss

factor, EF, is employed.

IPCCG-1997 also distinguished betweepNresulting from cultivation of high organic content
soils and other soils. In some regions of the world, soils with high organic content (>20%
carbon), known as histosols, are beingrird and cultivated. (Peat is an example of a histosol
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soil.) This can result in very high,® emissions due to enhanced mineralization of oldch
organic mattef138,139] Thus a high default emission faGt&, is used for estimatingJ®
emissions from such soils. For histosol soils in temperate regiopss &t at 5 kg BbD-N/ha

yr; for histosol soils in tropical regions, £B set at 10 kg pO-N/hayr. In a simple,
mathematical form, the IPGC997 mehod for estimating direct XD emissions from agricultural
soils is shown below iBchemet-3.

Scheme 4-3
IPCC (1997) Method for Direct N,O Emissions from Agricultural Soils

N,Opirect = (fertilizer-N + manure-N + fixed-N + crop residue-N) * EF; + histosol area * EF,

Where: Fixed-N is the fraction of nitrogen in N-fixing crops (default of 3.0%) times double the
mass of edible crop yield.

Crop residue-N is the fraction of nitrogen in crop residue (default of 3.0% for leguminous
crops; 1.5% for other crops) times double the mass of edible crop vyield.

The default emission factor EF; is 0.0125 (+ 0.01) kg N,O-N/kg N input.

The default emission factor EF, is 5 kg N,O-N/ha-yr for histosol soils in temperate
regions, and 10 kg N,O-N/ha-yr for histosols soils in tropical regions.

Also:  The fertilizer and manure nitrogen application levels used in this formula are reduced to
correct for the assumed volatilization losses (10% reduction for fertilizer; 20% reduction
for manure).

Direct N,O from animal production activities

Earlier IPCC emissions estimates from agricultural sources did not inch@é&din animal
production. Howeverby the time the IPCC Phase Il Workgroup was organized, it was
recognized that this could be a significant source that should not be overJd8&g0,141]
Three potential animal production sources were considered by-1R@T (1) animals
themselves, (2) waste from confined animals, and (3) waste from grazing animals.

Direct emissions of pO from ruminantanimals is known to occyt42]. Although the amount
of N,O emitted in this way is uncertain, it is thought to be quite sirfall less than 10 g J}D-
N/kg N feed intake. Therefore, direct animal emissions ¥ Was not included in the IPCC
1997 methodology.

N>O emissions from animal waste (both confined animals and grazing animals) are significant.
Estimates of these emissions are made based upon thatashaiirogen excreted from

different animal types, and emission factors that indicate the amoup®diokimation per

amount of nitrogen excreted. Clearly, this is a complex area, with large uncer{diB@gs35]
IPCCG-1997 assigned separate default nitrogen excretion factors (kg N/ay@arafor six

classes of animals: (1) dairy cattle, (2) raary cattle, (3poultry, (4) sheep, (5) swine, and (6)
other animals. For each animal type, a variety of animal waste management systems (AWMS)
was considered, with each AWMS having a defined emission factgrefgsressed in units of g

91



N2>O-N/kg N excreted. Values of EIFanged from very low (@) for anaerobic lagoons and
liquid AWMS to very high (530) for solid storage and pasture grazing.

The IPCC 1997 method for estimatingONemissions from animal production in a given country
is shown mathematically iBchemet-4.

Scheme 4-4
IPCC (1997) Method for Estimating N,O Emissions from Animal Production
N2Oanimais = %11 *NN-excretiont; * AWMSq; * EF; awwms

Where: Nt; = number of animals of type 1
N-excretiony; = kg nitrogen excreted per animal per year
AWMS+, = fraction of excreted nitrogen managed by AWMS

EF; awms = N2O emission factor for given AWMS

To estimate the tal N,O inventory contribution from animal production in a given country, the
individual contributions from each animal type are summed.

Indirect N,O emissions from agricultural activities

Several pathways for indirectb@ emissions are related agricultural activities. The IPGC

1997 methodology explicitly treated three such pathways: (1) atmospheric deposition of NOx
and NH, (2) leaching and runoff, and (3) human consumption followed by municipal sewage
treatment. Each is discussed below:

As previously mentioned, a fraction of the nitrogen applied to crop land in the form of synthetic
fertilizer or manure is assumed to be lost by volatilization of NO ang N8 further assumed
that these volatilized species are converted in the atmospheriglés of nitrogen (NOx) and
ammonium (NH), which are subsequently deposited onto soils and surface waters, and thereby
participate in biogenic MO formation. There is limited data suggesting that between 0.2% and
1.6% of nitrogen deposited onto soileigentually emitted asJ® [135,143] Based upon this,

the IPCC1997 Workgroup adopted a default emissions factay, &F.01 kg NO-N/kg of N
volatilized from appliation of fertilizer and manure. For inventory purposes, &0 kesulting

from deposition is allocated to the country in which the fertilizer and manure application occur,
regardless of where the deposition occurs. The IR@¥7 formula for estimating /D emissions
from deposition is shown below #chemel-5.
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Scheme 4-5
IPCC (1997) Method for Estimating Indirect N,O Emissions from Atmospheric Deposition
N2Opeposition = (Fertilizer-N * 0.1 + Manure-N * 0.2) * EF,
Where the default value for EF, is 0.01 kg N,O-N/kg of N volatilized

A considerable amount of fertilizer nitrogen applied to agricultural soils can bérdosgh

leaching and runoff. It has been estimated that the fraction of applied nitrogen taken up by the
crop ranges from 20% to 70P636,144] Much of the remaining nitrogen enters groundwater,

rivers, and coastal marine areas, where it participates in nitrification and denitrification processes
to produce NO. The amount of nitrogen lost due to leachind amoff is highly variable, and

the amount of BD that this produces is quite uncertain. Nevertheless, the-IRGT Phase II
methodology developed a detailed process for estimati@gréksulting from leaching and

runoff.

The rationale and mechanisms floese estimates are provided in Mosier e1&5,136] First,

the amount of nitrogen lost due to leaching and runoff is defined to be a fraction of the total
applied nitrogen (as fertilizer and manure). While this fraction is believed to range fre®.8.1
[135,145] IPCC adopted a leach default (Ny) value of 0.3. Second, different emission factors
were defined to estimate the@® emissions occurring from nitrification and denitrification in
three separate regions following leaching and runoff:

1. Groundwater: Efy = 0.015 g NO-N/g Nieach
2. Rivers:EFs;=0.0075 g MO-N/g Nieach
3. Estuaries: E&. = 0.0025 g NO-N/N{each

Combining these three hydrologic components gives a totatdtle of 0.025 g bD-N/g
Nreach The default formula for estimating alb® from leaching and runoff is shown below in
Schemet-6.

Scheme 4-6
IPCC (1997) Method for Estimating Indirect N,O Emissions from Leaching and Runoff
N2O_each = 0.3 * Applied Nitrogen * EFs

Where: Applied Nitrogen is synthetic fertilizer-N + manure-N
The default value for EFs is 0.025 kg N,O-N/kg NieacH

The final indirect NO pathway addressed by IPQ97 involves human consumption of
nitrogercontaining f@dstuffs and disposition of the sewage nitrogen. To determine the total
amount of a c¢ount r-oaptsprosed aoasgreption is tsedoabtaimed frome r
FAO data) with the assumption that nitrogen comprises 16% of total protein mass. Lasdldispo

of human sewage is neglected as a source©f hut nitrogen discharges from sewage treatment
plants are included. It is assumed that all discharged sewage nitrogen eventually enters rivers and
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estuaries, in the same way as nitrogen that is leachertfre soil (discussed above). Therefore,
N>O emissions from sewage nitrogen are treated the same wa@dshlh leached nitrogen
[135,146] and the same PO emission factors are used in both cases. Thus, the emission factor
for sewage nitrogen in rivers, Ef-was defined as 0.0075 g®N/g Nsewage and the factor for
sewage nitrogen in estuaries,ssFwas defined as 0.0025 g®N/g Nsewag I giving a total Ek
default value of 0.01 g #D-N/g Nsewage The formula for total PO emissions from human

sewage is given below Bchemet-7.

Scheme 4-7
IPCC (1997) Method for Estimating Indirect N,O Emissions from Human Sewage

NZOSewage = NSewage *EFg

Where the default value for EFg is 0.01 kg N;O-N/Kg Nsewage

Summary of IPCC 1997

The objective of the IPCQ997methodology described above was to enable derivation of
countrywide estimates of )0 emissions from agricultural activities, using readily available
information sources. This was achieved by determining, and summing togetheiQthe N
emissions attributetb three separate categories, as shovsthremel-8:

Scheme 4-8
IPCC (1997) Method for Estimating N,O Emissions from all Agricultural Activities
Total AgriCU|tha| NZO = NZODirect + NZOAnimaIs + NZOIndirect

Where: N,Opject IS Shown in Scheme 4-3
NoOanimais IS shown in Scheme 4-4

N5Ondirect IS Shown in Scheme 4-5 through Scheme 4-7

The Phase 1l IPCQ997 methodology wassed to determine globab® emissions from
agricultural activities in the year 198B35]. This showed nearly identical contributions from
each of the three J0 categories of Direct, Animals, and Indirect (2.1 TNN from each).
Further details of this inventory allocatioreashown inFigure4-10.
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Figure 4-10: Global agriculture-related N,O emissions in 1989, Tg N.O-N. Calculated using IPCC 1997
methodology. (Data from Mosier et al.[135].)

This 1989 inventory, when combined with existing estimates & Mom natural sources,
provided a reasonable balance to the glob& Bludget. This is illustrated Figure4-11, which
shows the global YO budget as computed with the IPAE897 Phase Il methodology, as well as
two earlier IPCC methodologies. With the IPA892 methodology, the globab® inventory
was significantly undrestimated, resulting in a large Avalance between sources and sinks.
Using the 1995 IPCC methodology gave a better balance, with the sinks now only slightly
exceeding the sources. Using the 1997 IPCC methodology gave an excellent balance between
sourca and sinks.
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Figure 4-11: Global N,O budgets derived using different IPCC methodologies. (Data from Mosier et al. [135].)

Providing a good balance between estimated sources and sinks does not guarantee,fbat the N
inventory is correct. Given the large number of parameters used in the IPCC methodology, and
the large uncertainty associated with many of the model inputs, a rather high total model
uncertainty should be expected. This was investigated by Van Aardeémmeised a Monte

Carlo sampling technique along with regression and correlation analyses to simulate model
outputs while varying 14 model parametgr85,147] Dutch agriculture nitrogen values were

used to run the model. The two parameters that contributed the most to totalintycerere

EF, (emission factor for direct soil emissions) and the fraction of nitrogen input that is lost
through leaching and runoff. Surprisingly, the total uncertainty was quite small, with a standard
deviation of the calculated meaninventory valie of only 20%. This may be because the
Netherlands is a small country with little variation in soil type and climate, and relatively well
known values for agricultural inputs.

The IPCG1997 Phase Il Work Group also identified a few specific areas whprevements in
the NO estimation methodology were most needed. It was pointed out that several recent
published studies had demonstrated significa Bmissions from soils in winter and early
spring periods, especially during spring thdw8,149,150] Because of this, the IPCC
methodology, which ignores spring thaw emissions, may underestimate the@@e$sions
from agricultural soils. Other issues to address included the following: (1) methodologies to
accountor effects of crop type, soil type, and climate upa@®Mmissions, (2) better
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