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R&D GREET disclaimer

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.

Argonne’s R&D GREET is to inform the life cycle analysis of technical community. Not all pathways and data in R&D
GREET are appropriate for use in circumstances where a high level of quantitative certainty or precision is required.
GREET is referenced in numerous independent state and federal compliance and incentive programs (including
solicitations, rulemakings, and tax incentives), but it is important to note that R&D GREET is not the version used by
any of these specific programs. Argonne does not warrant that use of R&D GREET is consistent with the
requirements of any particular regulatory or incentive program.
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GREET end-user licensing terms and conditions

Commercial use:
For commercial use, please contact www.anl.gov/partners.
Non-commercial use:

This license is based on the Creative Commons Attribution-Non Commercial 4.0 International Public License, with the following modified definition.
Non-Commercial means internal use (including use for internal business or operational purposes by for-profit entities), use by non-profit entities, or use
for United States federal, state, or local government purposes. Government purposes include work performed pursuant to a United States federal, state,

or local government funding agreement, and work performed by or on behalf of the United States federal, state, or local government. For purposes of
this Public License, the exchange of the Licensed Material for other material subject to Copyright and Similar Rights by digital file-sharing or similar
means is Non-Commercial provided there is no payment of monetary compensation in connection with the exchange.

Redistribution and use of the GREET software are permitted for non-commercial uses and provided that the following conditions are met:
1. Redistributions of the GREET software must retain the above copyright notice, this list of conditions, and the following disclaimer. Modification or
reverse compilation of the source code is not permitted.
2. Neither the names of UChicago Argonne, LLC or the Department of Energy nor the names of its contributors may be used to endorse or promote
products derived from this software without prior written permission.
3. The software redistribution, if any, must include the following acknowledgment: "This product includes software produced by UChicago Argonne, LLC
under Contract No. DE-AC02-06CH11357 with the Department of Energy.”
4. Any published results should indicate that the GREET software was developed by Argonne National Laboratory. If you publish results generated using
GREET you should identify the GREET software version number. If you publish results generated using input data other than the input data supplied
with the GREET software you must indicate that these results relied upon changed input data.
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The R&D GREET model framework

R&D GREET 1: Fuel Cycle
* Includes the entire supply chain of energy production
* Trains: [well-to-pump] + [pump-to-wheels] = [well-to-wheels]
* Tractors: [well-to-tank] + [tank-to-wheels] = [well-to-wheels]
o |[well-to-wheels] + [vehicle cycle] = [cradle-to-grave]

R&D GREET 1 Model

Interacts with Fuel cycle (or wells-to-wheels, WTW) model

R&D GREET 2 for

material cycle

results* L

R&D GREET 2 Model
Vehicle/materials cycle model

Y

*only relevant for tractors Well-to-pump/tank
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R&D GREET covers all transportation subsectors

Rail and Tractors

2%

T

Share of U.S. transportation GHG emissions;
remaining 12% for U.S. is from pipelines and off-road
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LCA of Trains and Tractors in R&D GREET




A simplified WTW pathway: fuel cycle

Process Progression me—)

Emissions Emissions Emissions

Vehicle Operation
Vehicle Refueling, Fuel
Combustion/conversion, and Fuel
Evaporation

Feedstock Stages
Production, Transportation,

Fuel Stages

Production, Transportation,

and Storage Distribution, and Storage

(b Energy gMaterials <b Energy gMaterials --- Well-to-Wheels (WTW)
System Boundary

WTP/T Stages | P/TTW Stage
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A simplified vehicle cycle: vehicle production (tractors)

Emissions Emissions Emissions Emissions Emissions

Step 1 Step 2 Step 3 Step 4 Step 5
Ore Mining and Size Reduction and Transport of Chemical and Heat Material Forming

Extraction Concentration Concentrate Treatments

Emissions Emissions Emissions Material Production

Vehicle Production

|
Step 8 :
Step 6+ Step 7 P |
Vehicle Component Vehicle Assembly : --- Vehicle Cycle
Any Other Processes . ,
Production : Tractor System Boundary
|
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LCA of Trains in R&D GREET
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Train types in R&D GREET

Freight Rail (Class I)

Passenger Rail
Intercity (Amtrak)
Commuter
Light transit
Heavy transit
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Available fuel pathways for rail engines in R&D GREET

“ Fossil and Biomass Renewable Fuels

* Diesel * Dimethyl ether (DME) e Hydrogen
* Liquefied natural gas  FTD * Electricity
(LNG) * Renewable gasoline « FTD
 Liquefied petroleum (RG)  DME
gas (LPG) * Biodiesel (BD) * Renewable diesel (RD)
* Fischer-Tropsch
Diesel (FTD)

INSTITUTE = ©OanonaLiasoratory
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Rail fuels in R&D GREET

Diesel
Feedstock: crude oil and hydroprocessed pyrolysis oil

LNG

Feedstock: conventional and shale gas

LPG
Feedstock: crude oil and natural gas
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Rail fuels in R&D GREET

FTD

Feedstock: natural gas, flared gas, natural gas/biomass,
biomass, coal or coal/biomass via gasification

RD, RG, and Biodiesel

Feedstock: soybean, palm, rapeseed, jatropha, camelina, and
algae

DME

Feedstock: natural gas, flared gas, biomass or coal via
gasification

INSTITUTE = ©OaronaLiasoratory
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Rail fuels in R&D GREET

Liquid Hydrogen
Feedstock: natural gas via steam methane reforming,
electrolysis via solar photovoltaic, nuclear (thermos-chemical
cracking of water), electrolysis with nuclear HTGR, coal or
biomass gasification, and coke oven gas
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Distributed Liquid Hydrogen

Feedstock: natural gas, electrolysis, ethanol, and methanol

W ——
- I e o

Electricity Qa8

Feedstock: U.S. mix, North American Electric Reliability :",*“

Corporation (NERC) Regional mix, natural gas power plants, oil | u 4

power plants, coal power plants, nuclear power plants, H-

hydroelectric power plants, natural gas combined cycle power
plants, and geothermal power plants

- ———
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Data and Methods for Rail Vehicles
in R&D GREET
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Rail fuel economy and emission factors in R&D GREET 1

Emission Factors
[g CO,e/mmBtu fuel consumed]
Rail vehicles use emission factors in table 5.1 of
“Rail_PTW” tab

Fuel Economies
Rail vehicle fuel economies for alternative fuels are
estimated based on literature and simulation data
from literature
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Data and methods for rail vehicles in R&D GREET

Energy Intensity Calculation

Energy intensity for _ Fuel use x lower heating value
freight railroad Ton-mile

Energy intensity for - Fuel use x lower heating value

passenger railroad Passenger-mile
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Data and methods for diesel-electric rail vehicles

For Intercity Rail
Fuel use & passenger-mile data source: Amtrak Monthly
Performance Report

For Commuter, Light Transit, and Heavy

Transit
Fuel use & passenger-mile data source: 2019 National
Transit Database

For Freight Rail

Fuel use & ton-mile data source: 2019 Surface
Transportation Board R1 Report
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Data and methods for rail vehicles in R&D GREET

GHG Emission Factors

CH,and N,O emissions are estimated by multiplying the fuel specific heat
input (in mmBtu) by the appropriate EFs from Table C-2 of EPA’s Final
Mandatory Reporting of GHG Rule (EPA 2009)

CO, emissions are calculated from fuel carbon intensity and fuel
consumption

Criteria Air Pollutants (CAP) and Water Consumption

Criteria air pollutants (EPA NEI 2017, EIA, and e-GRID)
Water consumption (EIA and USGS)

Electricity Generation Mixes
Regional and national mixes (EIA’s annual energy outlook)
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Capabilities for rail vehicles in R&D GREET

Units for Rail in R&D GREET

Per ton-mile, per passenger-mile, and per energy unit (mmBtu/MJ)

Vehicle Types for Rail in R&D GREET

Freight and passenger: intercity (Amtrak), commuter, light transit, and heavy transit

Fuel Types for Rail in R&D GREET

Gasoline, diesel, biodiesel, renewable diesel, renewable gasoline, dimethyl ether
(DME), LNG, LPG, Fischer-Tropsch diesel (FTD), electricity, and hydrogen

Energy and Environmental Metrics in R&D GREET
Energy intensities of total, fossil (petroleum, gas, coal), renewable (biomass, hydro,
wind, solar), nuclear, water use intensities, GHG emission intensities (total and CO,,
CH,, and N,O separately), air pollutants’ emissions intensities of VOC, CO, NO,, PM, .,
PM,,, SO,, BC, and OC

GREAT PLAINS
‘ ‘ INSTITUTE Argonneo ENCZRGY




&

&

Rail tabs in R&D GREET

Some Secondary
Fuel Prod_TS
Fuel_Specs
EF
Petroleum
NG
Hydrogen
Algae

Primary
Rail_WTP

Rail_WTW
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GREET rail module

Allows users to compare fuels for rail vehicles

File Home Insert Draw Pagelayout Formulas Data Review View Automate Help

Al v Jx ="GREET Interactive Rail Module (Beta Release)"

A B C o} E ]

| F G H
. GREET Interactive Rail Module (Beta Release)

= % Service Functional Unit = %

Simulation Year Energy Functional Unit = X Energy Unit = % Emission Unit = %

2023 2024 2025 kg-km Ib-mi passenger-km Btu 1 Btu g ke
2030 2035 2040
2045 2050

passenger-mi ton-mi tonne-km (1] M oz ton

Rail Type

Energy Intensity by Share of Combination Reset Parameter
Fuel/Powertrain Fuel by Distance Selection

Freight Rail

Calculate

Copyright Instruction Abbreviation Dashboard Saved_results ! 4 G

L& Display Settings ﬁ

- R&D GREET Rail Module
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https://greet.anl.gov/greet_rail
https://greet.anl.gov/greet_rail
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LCA of Tractors in R&D GREET




C2G life cycle in R&D GREET: cradle-to-grave analysis

Emissions Emissions Emissions

O

Vehicle Cycle Vehicle Cycle

Vehicle Production End-of-Life

Vehicle Use

| i
| |
(b Energy g Material : : g Material
: :
|
Emissions I
| Typical Units
--- Cradle-to-Grave g COe/mile
(C2G) System Boundary (b trergy 22 Materia g CO,e/hr
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Available fuel pathways for tractors in R&D GREET

“ Fossil and Biomass Renewable Fuels

* Diesel * Dimethyl ether (DME) e Hydrogen

* Electricity  FTD * Electricity

 Fischer-Tropsch * Biodiesel (BD) « FTD
Diesel (FTD) « DME

Renewable diesel (RD)

INSTITUTE = ©OanonaLiasoratory

e |GREATPLAINS Argonnea EN:RGY



Data and Methods for Tractors
in R&D GREET
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Tractor fuel economy and emission factors in R&D GREET 1

Emission Factors
WTP emission factors come from each fuel production pathway,

while PTW emission factors come from the GREET emission
factors database for locomotives since they have similar EPA
emissions regulations

Fuel Economy
Tractor energy consumption rates for conventional diesel
internal combustion engine vehicles and alternative powertrains
are calculated based on Autonomie tractor simulations at 50%,
75%, and 100% of maximum pulling power

INSTITUTE AAAAAAAAAAAAAAAAAA .
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Data and methods for tractors in R&D GREET

Autonomie Large Off-road Tractor Modeling Results

Energy Consumption MICE @ Hybrid B Electric Fuel Cel
111

Calculation 10.7
10 9.4 9.5

Tractor energy consumption

is calculated from default or

user-defined field operations
by the percent of pull

Pull covers spraying,
planting, harvesting,
plowing, and more

ENERGY CONSUMPTION (DGE/HR)
o)

Low Load (50% of Pull) Med. Load (75% of Pull)  High Load (100% of Pull)

- Argonne Autonomie Model

Note: this figure was generated for illustrative purposes. As
Argonne’s Autonomie Model is updated, the values could change & ‘ GREAT PLAINS
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https://vms.taps.anl.gov/tools/autonomie/
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Modeling assumptions for tractors in R&D GREET

Tractors are assumed to carry an equal mix of low, medium,
and high load operations throughout the vehicle’s lifetime

Non-powertrain components remain the same between
tractors of different powertrains (hydraulic system, tractor
chassis, tires, wheels, cab, 4WD system and more)

Battery electric tractors’ battery size are determined for
10 hours of operation

550 hours of operation are assumed per year
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Modeling assumptions for tractors in R&D GREET

AR : ',. .:-T; X f;w,!,
" f.!'J::' (( %/
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The tractor is assumed to have a 15,000 hour lifetime iR M ,42 &Jﬁ«&%}'}? ,,y; 48
Ther SR ~;."','. ',f' oy
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Front and rear tires are assumed to be replaced every
3,500 hours

Soil effects (tractor, crop yield, and more) are not taken into
account

Additional support structure for batteries or hydrogen tanks
Is not added into the model
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Life cycle C2G GHG emissions in R&D GREET 2

Large Tractor Life Cycle Cradle-to-Grave GHG Emissions

K Vehicle Cycle [EWell-to-Tank [ Tank-to-Wheel ==Cradle-to-Grave

!H -‘-‘- - - R&D GREET 2023

120

20 Note: this figure was
*Based on 2022 energy

C2G GHG EMISSIONS
(KG CO2e/HR)
NSOBS Y 00 §
o O O O

40 , , generated for
and vehicle technologies. . .
60 illustrative purposes.
Q& A v O O O O (¢ & X As R&D GREET is
FHSF FFF S FE S
QY & (& QY W & 3 &0 QG Na updated, the values
& & ¥ ¥ « ° & &
> S ? <L could change
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Capabilities for tractors in R&D GREET

Types of Tractor Technologies in R&D GREET

Internal combustion engine, hybrid electric vehicle, battery electric vehicle, and
fuel cell vehicle

Fuel Types for Tractors in R&D GREET

Diesel, biodiesel, renewable diesel, DME, FTD, hydrogen, and electricity

Energy and Environmental Metrics in R&D GREET
Energy intensities of total, fossil (petroleum, gas, coal), renewable (biomass,
hydro, wind, solar), nuclear, water use intensities, GHG emission intensities

(total and CO,, CH,, and N,O separately), air pollutants’ emissions intensities of
VOC, CO, NO,, PM, ., PM,,, SO,, BC, and OC

WTW and C2G Results

WTW results can be found in the “Tractor WTW?” tab in R&D GREET 1
C2G results can be found in the “Tractor” tab of R&D GREET 2
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Tractor tabs in R&D GREET 1

Some Secondary
Fuel _Prod_TS

] Fuel_Specs
Primary cF

Tractor WTW

Petroleum
NG
Hydrogen
Algae
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Tractor tabs in R&D GREET 2

Primary

Tractor

Some Secondary
All tabs not associated with
other vehicle types
Examples: “Car,” “SUV,”
“PUT,” and more
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Questions?
hcai@anl.gov

golson@gpisd.net
Visit https://greet.anl.gov/

Contributors
Gabrielle Olson, Branden Leonhardt, Nazib
Siddique, Farhad Hossain Masum, Christopher
Kolodziej, and Hao Cai
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