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The GREET® (Greenhouse gases, Regulated Emissions, and Energy use in Technologies) model:
~ 43,800 registered GREET users globally

45000
» Developed at Argonne National Laboratory since 1994 with DOE

40000  support /T SubSaharanAfrica,
* Annual update and release, available at https://greet.es.anl.gov 0.7%
35000 s
North America, 66.2% T -
30000
Europe, 15.4%
25000 \
20000 \ I
Central America &
Caribbean, 0.1%
15000
10000 : :
5000 LiSDA / RED STq; N
I I e S
EEEp—— BN -

International
¢ & & & K U N R N A R BN I ) ‘ Energy Agency

O N O Q N Q Q O Y W D D RO IO lead’
RN ER\¢ ,\\& \\& ,\\\(" N \\& RN R RN SR\ AR\ AR\ AR\ \.g}

o

EOEINEGS °

%AO
2
N=|MATioNAL 5 2
== |ENERGY % Vg
TL[EghnoLoe) %, <

LABORATORY ares of

<OACI.,,

=)

% 3
"'Qa . ,\/

h
I I I I / )RFA w UC DAvIs California_Environm i Agency
@ aaaaaa ~ UNIVERSITY OF CALITORNIA o= Air Resources Board
UCDAVIS @ FAA - D @ @
TUNIVERSITY OF CALIFORNIA i
< SIT)

Oromco MTCY{T(_'AN

H =

PetroChina = Odiomuswer




GREET applications by federal, state, and international agencies

California Environmental Protection Agency

&= Air Resources Board " CA-GREETS3.0 built based on and uses data from ANL GREET

== = Oregon Dept of Environmental Quality Clean Fuel Program
& = EPARFS2 used GREET and other sources for LCA of fuel pathways
CEHNHTSA = National Highway Traffic Safety Administration (NHTSA) fuel economy regulation

= FAA and ICAO Fuels Working Group using GREET to evaluate aviation fuel pathways
» GREET was used for the US DRIVE Fuels Working Group Well-to-Wheels Report

= | CA of renewable marine fuel options to meet IMO 2020 sulfur regulations for the DOT

MARAD
USDA- = US Dept of Agriculture: ARS for carbon intensity of farmi fi g t
—_——— epto griculture: or carpon intensity or rarming practices and management;

ERS for food environmental footprints; Office of Chief Economist for bioenergy LCA

Environment and
l*l Climate Change Canada m Environment and Climate Change Canada: develop Canadian Clean Fuel Standard
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GREET includes a variety of biofuel technology pathways

Grains, sugars,
and cellulosics

Fermentation, Indirect Gasification

Fermentation

A 4

Ethanol, butanol |

A

Waste feedstocks

Hydrothermal Liquefaction

Anaerobic Digestion

Renewable diesel

Combustion

e J—_" Electricity

Combustion

A 4

Renewable Natural gas

f

Pyrolysis, Fermentation,

Gasification (e.g., FT)

------------------------------- 'I Aviation and marine fuels

Drop-in hydrocarbon fuels

T

Oil crops and
Algae

Transesterification

Hydroprocessing

A 4

Biodiesel

Hydroprocessing, Hydrothermal Liquefaction

\ 4

Renewable diesel

4

» Consistent comparison
across all relevant
technologies key to
providing actionable
insights.

= The highlighted options
have significant
volumes in LCFS and
RFS

= Ethanol accounts for
>15 billion gallons
nationwide, and >1.1
billion gallons in CA
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GREET includes details of both biofuel feedstock and conversion

Fuel Production (Well to Pump)

Index
— _ Energy/material
inputs

Fuel combusted in
vehicles
e Energy consumed in
pre-processmg

e Fuel combusted in
vehicles

|

e On-farm energy
consumption

e Energy
* Process chemicals

. Energyj * Raw materlalj

Fuel Combustion
(Pump to Wheels)

CO, emissions from
urea fertilizer/lime

Direct and indirect

N,O emissions

e Co-product (e.g., animal feed)
e Displacement of conventlonal
products

Land use change

emissions

« EU REDII and forthcoming
Canadian Clean Fuel Standard
allow feedstock certification

. But CA LCFS does not allow

* All biofuel regulations in place or under development
allow biofuel facility certification
* Biofuel facility certification is allowed under LCFS Tier1/2
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Argonne has been examining corn ethanol GHG emissions with the
GREET model since 1996
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Fuel Ethanol Produced from Midwest U.S. Corn:
Help or Hindrance to the Vision of Kyoto?

Michael Wang, Christopher Saricks, and May Wu
Center for Transportation Research, Argonne National Laboratory, Argonne, lilinois oW

ABSTRACT
In this study, we examined the role of corn-feedstock etha-
nol in reducing gas (GHG) emissions, given

Fuel-Cycle Fossil Energy Use
and Greenhouse Gas Emissions
0f Fuel Ethanol Produced from
US. Midwest Corn
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INTRODUCTION
Concern about global “greenhouse” warming has le
that reducing the rate of atmospheric car

corn ethanol production

present and near-future technology and practice for corn
farming and ethanol production. We analyzed the full-
fuel-cycle GHG effects of corn-based ethanol using up-
dated information on corn operations in the upper Mid-
west and existing ethanol production technologies. In-
formation was obtained from representatives of the U.S.
D of faculty of mi univer-
sities with expertise in corn production and animal feed,
and acknowledged authorities in the field of ethanol plant

design, and Cases examined in
cluded use of E85 (85% ethanol and 15% gasoline by vol-
ume) and E10 (10% ethanol and 90% gasoline). Among
key findings Is that Midwest-produced ethanol outper-
forms (current) and (future)
gasoline with respect to energy use and GHG emissions
(on a mass emission per travel mile basis). The superior-
ity of the energy and GHG results is well outside the range
of model “noise.” An important facet of this work has
been conducting sensitivity analyses. These analyses let
us rank the factors in the corn-to-ethanol cycle that are
most important for limiting GHG generation. These
rankings could help ensure that efforts to reduce that gen-
eration are targeted more effectively.

IMPLICATIONS

makers have shown considerable interest in the
potential to achieve net greenhouse gas reductions by
using ethanol (C,H,OH) as a transportation fuel. At the
1997 Kyoto Conference, U.S. negotiators committed to
reducing greenhouse gas emissions between 2008 and
2012 to 7% below the level of 1990. Although yet to be
tified by Congress, the commitment was signed by the
U.S. in a recent conference in Buenos Aires, Argentina.
This naner examines whether substituting ethanol for

olic

loading due to fossil fuel combustion may help slow's ~ Keywords: corn ethanol.

warming. This realization, in turn, has kindled an ir
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Energy and greenhouse gas emission effe
and cellulosic ethanol with technology im;
and land use changes

Michael Q. Wang" *, Jeongwoo Han®, Zia Haq”, Wallace E. T'

est in transportation fuels that contain lower carbon |

Amgad El

unit of energy delivered or are produced from renew
sources, so that less or no net carbon is added to th
mosphere from fuel combustion. One such fuel is e
nol (C,H,0H), an alcohol currently produced in the Un
States by fermentation and distillation of corn thro
wet- or dry-mill processing. A crop-based fuel such as e
nol has advantages over petroleum because it is rer
able and produces zero net carbon emissions during
combustion. That is, carbon dioxide produced in ¢
bustion is absorbed from the atmosphere by corn or o
feedstock plants during photosynthesis. However, ¢
vation and milling of corn consume energy that is |
provided chiefly by fossil fuels.

research continues on i -
cial technologies to produce fuel ethanol from cellulose in
biomass. Studies have shown that cellulosic ethanol indis-
putably reduces or almost eliminates GHG emissions, rela-
tive to use of gasoline.’? However, at present, virtually all
large-scale production of fuel ethanol used in the United
States is from corn. Com production is vital to the econo-
mies of many states, especially in the upper Midwest. The
market for cor and comn products could be significantly
enhanced in the near and medium term by a major uptumn
in the use of ethanol as a transportation fuel, at least until
the emergence of commercially viable enzymatic processes
yielding large quantities of ethanol from low-value cellulo-
sic biomass. Thus, there is considerable interest in substi-
tuting corn-based ethanol for gasoline to reduce GHG emis-
sions, especially in light of the 1997 Kyoto Conierence At
that
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decided 10 promote the
the national transportatic
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Use of ethanol as a transportation fuel in the Uni
t0 over 40.1 hm’ in 2009 — and virtually all of it
debated whether using com ethanol results in
‘This issue has been especially critical in the past
as indirect land use changes, associated with U.
in evaluation. In the past three years, modelin
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Greenhouse gas emissions
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using corn ethanol reduces greenhouse gas emis

higher reductions in greenhouse gas emissions
U.S. biofuel policies should account for both un
potentials. We maintain that the usefulness of ¢
how to prevent unanticipated consequences ar
with policy intervention.

1. Introduction
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petroleum gasoline. On the other hand, second
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Background
In the past several years, corn oil recovery has been
widely m..,u.u in US. dry-mill corn ethanol

¢ of US. corn ethanol [1]

bean oil were used
ume of biodiesel p
increase in the futy
tection Agency (EP
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Since the beginning of the U.S. fuel ethanol program in 1980,
production of com ethanol in the United States has grown
from 76 dam” in 2000 t040.1 hm* in 2009 [1]. The U.S. Congress
in the 2007 Energy Independence and Security Act (EISA)
established acorn ethanol production target of 56.8 hm® a year
by 2015 plus 79.5 hm® of advanced biofuel production by 2022

[2]. The produmun capacity of corn ethanol in the United
States has already exceeded 492 hm® a year, and the
construction ol new facilities is expected to result in addi-
tional production capacity of 5.3 hm® of corn ethanol [1]
Meanwhﬂe,%es{mems in research, development, deploy-
ment, and commercialization of advanced biofuel technolo-
gies have been accelerated in the past several years [34]
Parallel to these efforts, regulatory efforts such as the

for this article

Abstract
The carbon intensity (CI) of biofuel’s well-to-pump life cycle is calculated by life cycle analysis (LCA)

toaccount for the energy/material inputs of the feedstock production and fuel conversion s
th house gas (GHG ) e s during these stages. The LCA is used by the
Air Resources Board's Low on Fuel Standard (LCFS) program to calculate CI and monetary
credits are issued based on the difference between a given fuel’s Cland a reference fuel’s CI. Through
the Tier 2 certification program under which individual fuel production facilities can submit their
own Cls with their facility input data, the LCFS has driven innovative technologies to biofuel

ities, resulting in substantial reductions in GHG emi
gasoline or diesel. A similar approach can be taken to allow feedsto

agesand
fornia

sociated g

conversion fa ions

ompared to the baseline
k petition in the LCFS so that

lower-ClI feedstock can be rewarded. Here we examined the potential for various agronomic practices
toimprove the GHG profiles of corn ethanol by performing feedstock-level Cl analysis for the
Midwestern United States. Our system boundary covers GHG emissions from the cradle-to-farm-gate
activities (i.e. farm input manufacturing and feedstock production), along with the potential impacts
of soil organic carbon change during feedstock production. We conducted scenario-based Clanalysis
of ethanol, coupled with regionalized inventory data, for various farming practices to manage corn
fields, and identified key parameters affecting cradle-to-farm-gate GHG emissions. The results
demonstrate large spatial variations in CI of ethanol due to farm input use and land management

prac . In particular, adopting conservation tillage, reducing nitrogen fert
implementing cover crops has the potential to reduce GHG emissions per unit corn produced when
compared toa baseline scenario of corn—soybean rotation. This work shows a large potential emission
offset opportunity by allowing feedstock producers a path to Tier 2 petitions that reward low-CI
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Corn ethanol achieves >40% reduction in GHG emissions

150 = Corn ethanol results are
= based on GREET 2020
=
g, 100 = The U.S. average corn
% farming data are used
e 0 » Land use change (LUC)
-é emissions are included
§ o = Soil organic carbon
Q (SOC) changes from
o farming practices (e.g.,
E 90 tillage, cover crops, etc.)
= S D - are NOT considered
100 here
Corn ethanol Sugarcane Corn stover Switchgrass Miscanthus
with LUC without LUC with LUC with LUC with LUC
Gasoline Ethanol
blendstock

m Biogenic CO2 in Fuel mWTP =PTW =LUC =mWTW
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Feedstock is a significant contributor to corn ethanol LCA GHGs:
40% of corn ethanol carbon intensity (CI)

La ““w use f ange

Fuel combustion
1%
Transportation and
distribution
4%

N20 (N fertilizer and biomass
residue)
19%
Cradle to farm- |
gate activities

40%

CO2 (Urea fertilizer
and lime)

4%
Fertilizer/chemical
manufacturing
13%

Fuel production
43%

Energy consumption
4%

Dry Milling Corn Ethanol w/ Corn Qil Extraction.
DSG credit, -11 g CO,e/MJ, is not included
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Additional measures for corn ethanol can help reduce GHGs
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9 . oCorn farming Cl reduction
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0%

-25%

Reductions in Cl (%)

-125%

-150%

= Results show accumulative

reductions with additional
options added to the baseline

» Replacing NG with RNG

sourced from biomass could
reduce Cl by 20 g CO,e/MJ

= \With RNG, renewable

electricity, and CCS, CI of
corn ethanol might be
lowered to 6.1 g CO2e/MJ

= Adding low farming input and

green ammonia options
could push CI to near zero

= Sustainable farming (e.g.,

cover crops) could achieve
negative ClI, given SOC
accumulation credits

.............



Estimated LUC GHG emissions for corn ethanol have gone down

significantly in the past 10 years
g y p y Critical factors for LUC GHG

emissions:
» Land intensification vs.
extensification
» Crop yields: existing
cropland vs. new cropland;
global yield differences and
potentials
* Double cropping on existing
land
+ Extension to new land types:
cropland, grassland,
forestland, wetland, etc.
= Price elasticities
» Crop yield response to price
* Food demand response to
price
= SOC changes from land
conversions and land
management

100

0]
o

B
o

LUC GHG Emissions {g CO,e/MJ)
[e)]
o

20

o
care 2000 [N

al. 2008
2010
Elliott et al.
2014

creeT 2013 [~
i
care 2015 [
o
ecorsy 2015 [N

GReeT 2016 [

Tyner et al

epa 2010 |
Laborde 2011 |l

Searchinger et
Hertel et al.
2010
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Even with current farming practices, significant variation exists among states
in feedstock-related Cl for corn ethanol

National [ 2el
wisconsin [
The CI variation reflects:
South Dakota - s
= Soil fertilit
ohio e y
Nebraska s " Climate
Minnesota - s = Farming practices
o e Till, minimum till, non-till
Michigan st - Manure application
owa [T »Irrigation
« Etc.
Indiana 2|
linois - 2|

o

5 10 15 20 25 30 35

Emissions from farm energy and materials use (g CO,e/MJ)
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Farming practices significantly influence corn ethanol CI by state

) Nitrification ) Rye Rye+Vetch Yield
_ Baseline Manure |phibitor  NO Tillage covercrop Covercrop Increase
50+ 47 49
= 43
B ] 41 40 40 -
c
g 4
- 29 28
g 25+ - 20 2 23 23
T T _ T 14 National | State-level
4 - — o
S . average variation
9 <
2 0
o -
% :
@2 -
£ - i 8
[<H] -
o
5 -25:
-45- LMC — land management change

.Farming energy and material inputs. LMC induced SOC change.Crad|6-t0 farm gate activities ~ SOC - soil organic carbon

= These additional land management changes can result in significant GHG reductions for corn
ethanol from both SOC changes and direct farming activity GHG changes.

= Along with LMC-induced SOC change, N20 emissions contribute the most to the cradle-to-farm
gate GHG emissions
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Worked with POET and Farmers Business Network, Argonne
developed ClIs of corn for 71 individual farms in South Dakota

50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00

Agricultural Inputs Cl Value (gC02e/MJ) for Corn

Farmers

13

National average Cl: 29.5 g/MJ

Average of 71 farms: 23.6 g/MJ

» Range of the 71 farms:
13—45 g/MJ, representing
an opportunity of 34%
reduction in corn ethanol
Cl vs. gasoline ClI
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With DOE support, Argonne developed a feedstock CI calculator
(https://greet.es.anl.gov/tool_fd_cic) ZEgua e )

LIFE-CYCLE MODEL

= Farm-level data can be used
for feedstock Cl estimates

= Feedstock Cl is linked to the
rest of GREET biofuel LCA for
biofuel CI

Per yield

= At present, the calculator (bushel)

includes corn for ethanol

= Effort is under way to include
soybeans, sorghum, and rice

The Feedstock Carbon Intensity Calculator (FD-CIC)

{5 s punarrunt or  Argonne Netonol Laborstory s 8 °
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On-going Argonne efforts to examine deep GHG reductions of

ethanol and other biofuels
= Retrospective analysis of GHG reduction trend of corn ethanol 2005 — 2019

— Both corn farming and ethanol plants have improved Cls over the 15-year period

— Results are in a draft journal article currently under review

= Opportunities for corn ethanol and ethanol-to-jet for near zero GHG emissions

— US DRIVE Net Zero Carbon Fuel Tech Team: Argonne works with three other national labs, OEMs, and energy companies
to examine opportunities

— DOE Bioenergy Technology Office: starch-based biofuel GHG reduction opportunities

= DOE ARPA-E: feedstock certification under biofuel regulations to incentivize sustainable farming practices for
agriculture to play a crucial role for a deep decarbonized economy

— SOC from sustainable farming practices poses great GHG reductions

— Regulatory agencies and NGOs are concerned with additionality and permanence issues for SOC

= Opportunity to convert ethanol to jet to meet national and international regulations and requirements

— Argonne is a member of the ICAO’s Fuels Working Group to develop carbon intensities of sustainable jet fuels for ICAO’s
Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA)
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Summary

O Corn ethanol GHG emissions have continued to go down
= >40% reductions in GHG emissions, with estimated LUC emissions included

= |Improvements in corn farming and ethanol plants have contributed to the
down trend

O Additional opportunities exist to reduce corn ethanol Cls further
= Sustainable farming practices and land management changes
= Use of renewable energy and CCS in ethanol plants

O Biofuel feedstock certification allows agriculture to participate in deep
decarbonization

= EU and Canada give credits for SOC changes from improved land
management practices

= Sustainable production of biofuel feedstocks provide significant
opportunities to further reduce biofuel CI

16 Argonne &
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