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The R&D GREET effort at Argonne National Laboratory is supported by the Office of Energy Efficiency and
Renewable Energy, the Office of Fossil Energy and Carbon Management, the Office of Clean Energy
Demonstration, the Office of Technology Transitions, the Office of Nuclear Energy, and ARPA-E of the US
Department of Energy (DOE) under contract DE-AC02-06CH11357. The views and opinions expressed herein
do not necessarily state or reflect those of the US government or any agency thereof. Neither the US
government nor any agency thereof, nor any of their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
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ARGONNE NATIONAL LABORATORY BY THE

NUMBERS IN 2023
We are located in Chicago, USA
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The R&D GREET® (Greenhouse gases, Regulated Emissions, and
Energy use in Technologies) model Framework

VEHICLE CYCLE
(GREET 2 Series)

» Lifecycle analysis model for the US

— Examines life-cycle impacts (i.e., energy use and emissions) of .S58
vehicle technology/fuel combinations in road, air, rail, and
maritime transportation

» Has been in public domain since its inception in 1995 BiE
— Updated and expanded annually (https://greet.anl.gov)
— There are >63,000 registered GREET users globally
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FUEL CYCLE
(GREET 1 Series)
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https://greet.anl.gov/

R&D GREET covers an extensive list energy systems

+ Gasoline « Natural gas . Eledctricity/Heat
* Diesel + Shale gas * Hydrogen
Petroleum —> | . Jetfuel - Renewable natural gas ===  * Methanol
« Eic. + Coal mine methane * Ammonia
* Diesel/jet fuel
* Natural gas
* Renewable natural » Natural gas
gas » Coal o
. Hydrogen: Electricity: national,
+ Coal mine methane => - * Nuclear
. Coal gaseous/liquid « Hydro => NERC, and state level
* Electricity (solar, wind, * Wind
nuclear, grid, etc.) » Solar
. etc.
Renewable Hydrogen via
low-C electricity: 15t Gen Feedstocks:
* Wind « Corn
* Solar * Soybeans « Ethanol
° e E lggt;g;if:: o * Sugarcane = | * Biodiesel
+ —=) - Diesel * Etc. - Renewable diesel
o Tl 2" Gen Feedstocks: « Sustainable aviation fuels
* Energy crops SAF
CO, Sources 5 (SAF)
. Bi(z)genic Methanol » Cropl/forest residues
« Point sources * Wastes (MSW,
« Direct air capture animals)
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R&D GREET informs policies and regulations

California Environmental Protection Agency
©= Air Resources Board
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CA-GREET is an adaptation of Argonne’s GREET model

Oregon Clean Fuels Program also uses an adaptation of Argonne’s GREET
model

State of Washington Clean Fuel Regulation relies on CA-GREET

U.S. EPA uses GREET with other sources for Renewable Fuels Standard pathway
evaluations

National Highway Traffic Safety Administration for fuel economy regulation

Federal Aviation Administration and International Civil Aviation Organization
using GREET to evaluate aviation fuel pathways

Canadian Clean Fuel Regulation for Environment and Climate Change Canada
fuel pathways

LCA results for use in different provisions of the 2021 Bipartisan Infrastructure
Law and the 2022 Inflation Reduction Act

. Argonne &



1.80

1o \\
SAF, clean fuel, and clean —~

- - % 120 ...................
hydrogen incentives under the S o RassARicAOCORSA | B8
H ' = or similar methodology to o
Inflation Reduction Act (|RA) B 080 [ Rt A | 58
0.60 [T ———
Z 5
0.40 @ T
030 SISO W —
0.00
0 10 20 30 40 50 60
SAF CI (g CO2e/MJ)
$2.00
350 I
E $1.75
300 =y 5 ——Clean Fuel —SAF
IRA 45V Clean Hydrogen: GREET for Cl £ as can ruets
— 250 g
z g s IRA 45Z Clean Fuels:
% 2.00 : E $1.00 GREET for non-SAF CI @
£ 150 & g 5
1.00 Z 2 $0.50 0
ez - =
050 S $0.25 2
~ c
(o]
0.00 s
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 450 0 5 10 15 20 25 30 35 40 45 50

Carbon Intensity of Clean Fuels and SAF ( g CO2e/MJ)

Cl (kg CO2e/Kg H2)

Argonne &




IRA GREET versions are available at DOE website
GREET

Office of Energy Efficiency & Renewable Energy

Office of Energy Efficiency & Renewable Energy » GREET

The Department of Energy's (DOE) Argonne National Laboratory (Argonne) began developing the
GREET® (Greenhouse gases, Regulated Emissions, and Energy use in Technologies) life cycle
analysis (LCA) suite of models in 1994, with the first version released in 1995. Life cycle analysisis a
framework for assessing the environmental impacts associated with all stages of the supply chain

of a technology or product Click to access specific GREET versions:

R&D Greet: Argonne R&D GREET Model

40BSAF-GREET was release on 04/30/2024

45VH2-GREET was release in Dec. 2023

45ZCF-GREET is currently under development California Low-Carbon Fusl Standard (LCFS) GREET

5. oEPARTMENT 0F  prgomme National Laboratory s a , o e . . .
JENERGY J25imiieicyiiuey International Civil Aviation Organization's (ICAQ) Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA)




GREET includes a variety of biofuel technology pathways

Grains, sugars, Fermentation, Indirect Gasification
and cellulosics

Ethanol, butanol

» The highlighted options
have significant

Fermentation

Hydrothermal Liquefaction= Renewable diesel volumes in LCFS and
A bic Digesti R
Waste feedstocks naeroic Digestion Renewable Natural gas
. . » Ethanol accounts for
| Combustion . "
b oo oeoeooooooooooooooe- Electricity >15 billion gallons
Combustion 1 nationwide, and >1.1
| . . billion gallons in CA
cellulosi Pyrolysis, Fermentation, b in hvd bon fuel
ellulosics Gasification (e.g., FT) rop-in hydrocarbon fuels

L | ;
Gasification (e.g., FT), Alcohol to Jet, Sugar to Jet AT EIET andTmarme fuels

| Hydroprocessing
Oil crops and Transesterification

Algae
| ,
Hydroprocessing, Hydrothermal Liquefaction

4

Biodiesel

Renewable diesel

#57% U.5. DEPARTMENT OF _ Argonne N
(W ENERGY 222 9 Argonne &

9




Biofuel regulations treat feedstock and conversion differently

| “
| —

e On-farm energy

. Energyw * Raw materialw
consumption

CO; emissions from
urea fertilizer/lime

Direct and indirect
N,O emissions

Land use change
emissior

»
>

Fuel Production (Well to Pump)
Index

Energy/material
inputs

e Fuel combusted in
vehicles

vehicles * Process chemicals
Energy consumed i
pre-processmg

Fuel combusted in o Energy
in

Fuel Combustion B
(Pump to Wheels)

) Co-product (e.g., animal feed)
. Dls ent of |nna|

products

¢ EU REDII, Canadian Clean Fuel Standard,
Brazilian RenovaBio, ICAO CORSIA, and

IRA 40B allow feedstock certification
(@) ENERGY (rrern i
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* All biofuel regulations in place or under development allow

biofuel facility certification
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R&D GREET life-cycle GHG emissions of ethanol: feedstock is

the main driver
®mWTP mBiogenic CO, in Fuel mPTW m®mLUC ®mWTW

150

100

50 A

-100

This is for use in

the US; ~25 g/MJ
for Brazil use

WTW GHG emissions, g CO,e/MJ

-150
With LUC |Without LUC| With LUC | With LUC | With LUC
Gasoline |Corn ethanol Sugarcane | Corn stover | Switchgrass| Miscanthus
ethanol ethanol ethanol ethanol
(@ ENERGY (55 ety
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GREET temporal data representation:
U.S. ethanol plant and corn farming trends
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GHG emission sources and trends of U.S. corn ethanol over 15 years

Transporation and
distribution

N20O (N fertilizer and
biomass residue)

18%
L .. €02 (Urea fertilizer
Cradle to farm-gate activities and lime)
38% 4%
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manufacturing 80
12%
Energy consumption 70

Fuel production
43%

4%

o
o

%3]
o
O

b1 b b1

B
o
o

N
o

Corn ethanol carbon intensity
without LUC (gCO,e/MJ)
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-20
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Corn farming energy Fertilizers and chemicals ~ Displacement credit
Ethanol production Transportation Combustion
mTotal Cl
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Conversion and feedstock potentials for carbon neutrality
and negativity of corn ethanol and ETJ

GHG emissions of jet (g CO,e/MJ)
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oCom EtOH

mEtOH to Jet Conversion

oIndirect Reduction in EtOH CI
oReduction in EtOH CI

o Indirect Reduction in Jet Upgrading Cl

mReduction in Jet Upgrading Cl
+Cl

Percentages represent Cl reductions () -120%
Cl numbers represent GHG emissions (g CO &/ 6.8 6.8

RMNG has negative Cl due to avoided emissions
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Source: Jim Spaeth(2021)
(https://mww.energy.gov/eere/bioenergy/articles/sustainable-
aviation-fuels-low-carbon-ethanol-production)
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Two approaches are used in regulations/programs to address Induced
Land-Use Change (iLUC) GHG emissions

» Quantify potential iLUC GHGs to include in regulations:
v CALCFS (and several other states)
v' EPARFS

v" The Inflation Reduction Act incentives for clean hydrogen, sustainable aviation fuels,
and clean fuels

v ICAO CORSIA
» Risk-based approach to prevent high-risk LUC with sustainability criteria:
v' EU Renewable Energy Directive
v' Canadian Clean Fuel Regulation
v Brazilian RenovaBio Program
v" IMO LCA Guidelines
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The LUC GHG emissions from large-scale ethanol
production have been simulated since 2008

Corn Ethanol LUC GHG emissions (gCO,;/MJ)

» Induced LUC is defined as the shift in land seorchinger ot o 2008 | - - 2 -
use and land cover (e.g., forest and U5, EPA 2010 m—o
grassland) that could accompany large-scale s o1 2010 s
feedstock production in cropland to produce Dunn ot ol. 2013 (GREET) - o
biofuels European Union 2015 -2

— Economic models simulate the scenarios of i ETQ
biofuel production volume shocks to estimate CTAP B ) a1
LUC GLOBIOM 2015 | E—1 7
— The estimated LUC area is multiplied by Cnon 20—
“emission factors” (EF, COZ2e emitted per unit .
area) s

Sugarcane Ethanol ILUC GHGs
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— EFs can be modeled using simple and/or
sophisticated modeling frameworks
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» The down trends in estimated LUC emissions
are a result of better developed, calibrated
economic models to incorporate up-to-date
data
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Recent BD/RD LCA study with R&D GREET

= Well-to-wheels GHG emissions presented as g CO,e/MJ BD/RD consumed
= Default co-product handling method: process-level hybrid allocation

= Alternative allocation methods are available in GREET

Fertilizer
Production

Soybean
Farming

Soybean
Transportation

Soybean
Crushing

Soy meal
Soy hull

BD Pathway

Biodiesel Biodiesel Biodiesel

Production Transportation Combustion

Glycerin
Others

RD Pathway

Renewdnre Renewable Renewable
Diesel Diesel Diesel

Production Transportation Combustion

Other fuel products:
Naphtha
LPG

Fuel gas
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LCA results of biodiesel and renewable diesel

= Cl of soy BD and RD are 30.2 and 32.6 g o 1 " Oseedsonsehing " BFaUCE Rendering
CO,e/MJ, respectively. Soy oil has lower GHG i a Camarsion o COLUBIGREET
emissions than canola and carinata (higher yield, 82 s T o
no N input requirement) ?g, zz
= With LUC emissions accounted for, GHG of soy oil : 5] % % % a E
BD and RD could still be 64% to 67% (using 0 -
GREET LUC value) or 42% to 52% (using LUC o Ca"”'aBlo‘jI’:Stael comet el Ue0
values from EPA, CARB, and ICAO) lower than w 904 —  Petroloum diesel production & Feedstock
petroleum diesel § SComarsion S Trensportaton
ES o Combustion < CCLUB/GREET
= Converting tallow, UCO, and corn oil to BD and o3 ] . A ochns A1CA0
RD could achieve higher GHG reductions of 79% §§ 4 1 :
to 86%, mainly because they are residue __3 30 1 N E
TR Ry —
feedstock 0 g E — m ﬁ

Petroleum diesel  Soy Canola Carinata Corn oil Tallow uUco

Renewable diesel

Argonne Na:
%) ENERGY 5 ey 18 Argonne &

AAAAAAAAAAAAAAAAAA




Argonne generated LCA values of SAF pathways for ICAO’s
CORSIA using a R&D GREET version

= Argonne has been a member of ICAO’s
Fuels Task Group (FTG) since 2014

Agricultural residues [R] 7.7 -
Forestry residues [R] 8.3 -
MsSW (0% NBC)  [w] 5.2 B
Msw (40%NBC)  [w) 734 I
Short-rotation woody crops M] 122 -
Herbaceous energy crops [M] 104 -

FT

® Feedstock cultivation and collection

= Argonne’s GREET was used to calculate

|
|
|
|
|
Tolow (5] 225 GG S etioh iotomtveodiaiion EI
Usedcooking ol (w]  13.9 NS Pl s portaion 2| the core LCA values of SAFs for CORSIA
Palm fatty acid distillate B] 20.7 _ ® Fuel combustion 8 |
cornoil (8] 17.2 NI ol ; H
Soybenol (v} s04 G 21 = Default LCA values are available in
2 Rapeseedoil  [(M] 47.4 NS £l
Cameina (M) 42 [ 2l CORSIA documents
Palm oil (closed pond) M 374 Sl
Palmoil (openpond) (M) 60 [N El :
Brassica carinata (M] 344 — g | >°mc’"'"v w ‘ ICAO
o Sugarcane M} 328 _ 2 I = = micd CIVIL AVIATION
e sugarbeet  (M] 324 [N £l N
Sugarcane  [M] 2 25 e ICAO document
E Agricu'tural res'dues [R] 29'3 _ g I CORSIA SUPPORTING DOCUMENT gg::::gr'a:ll;;lﬂ‘leeliyae Fmsions Vatues for
P Forestry residues R 23 &Jl A . —
2 Corngrain (M} ss.s [N | G m— s ¥ -
S Herbaceous energy crops v 434 S | - ﬁ
Molasses (9] 27 _ I 5 o
= Sugarcane M] 241 — | CQI’ RSIA
B Comgrain (] cs.7 [
0 20 40 60 80
Core LCA values( gC0e/MJ ) Jone 2018 o C93‘RS|A -

(Prussi et al. 2021)
FT: Fischer-Tropsch | HEFA: hydroprocessed esters and fatty acids
SIP: Synthesized iso-paraffins | I1so-BuOH: Iso-butanol
s DEPARTMENT 0F  pvgorne NationalLaboratory s ATJ: Alcohol-to-jet | ETJ: Ethanol-to-jet | NBC: non-biomass carbon
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Questions?
Michael Wang (mwang@anl.gov)

Visit https://greet.anl.gov/

« GREET models
 Publications

« User instruction materials
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