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The GREET (Greenhouse gases, Regulated Emissions, and
Energy use in Technologies) model Framework

= Argonne has been developing the GREET life-cycle analysis (GREET 2 Series)

(LCA) model since 1995 with annual updates and expansions

= |t is available at greet.es.anl.qov
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GREET 1 model:
Fuel-cycle (or well-to-wheels, WTW) modeling of vehicle/fuel systems
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Copyright Statement

GREET 2021 Release Oct 1. 2021
The Argonne Natlonal Laboratory’s Systems Assessment Center Is pleased 1o announce the 2021 release of
the sulte of GREET Models. Please read Summary of Expansions and Updates in GREET® 2021 (948KE pdf) for
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GREET covers many groups of energy systems

Petroleum Sector:
 Conventional oil

* Shale oil

* Qil Sands

Gasoline

Diesel

Jet fuel

Liquefied petroleum gas
Naphtha

Residual oil

Natural Gas Sector:
» Conventional NG
+ Shale gas

* NG end use in electric,
industrial, and residential
sectors

* Transportation sector:
CNG, LNG

« Alternative fuels: LPG,
methanol, DME, FT
diesel, FT jet

Electric Systems:

« Electricity generation at
US plant level

* Aggregate to national,

NERC, and state level
« With CCS, if applicable

Natural gas
Coal
Residual oil
Biomass
Nuclear
Hydro
Wind

Solar

Hydrogen Economy:
* Gaseous hydrogen

* Liquid hydrogen

» With CCS, if applicable

Natural gas
Biomass

Coal

Petroleum coke

Coke oven gas
Electrolysis with electricity
Nuclear energy

Renewable

Energy/Fuels:

* Ethanol

* Biodiesel

* Renewable diesel

* Renewable gasoline

* Renewable jet fuel

* Renewable natural gas

1st Gen Feedstocks:
 Corn

* Sorghum

* Soybeans

* Rapeseeds

* Sugarcane

€— °* Palm

2" Gen Feedstocks:
* Dedi. energy crops
* Crop residues
* Forest residues
o MSW
* Animal wastes

Algae

Besides energy systems, GREET also includes

plastics and products.

* Nuclear

Electro-Fuels
» Gasoline

* Diesel

* Jet fuel

* Methanol

CO, Sources

« Ethanol plants
* NG SMR plants
» Cement plants
* Etc.




GREET LCA modeling framework

= Build LCA modeling capacity

» Build a consistent LCA platform with multiple LCA methods

= Address emerging LCA issues

= Access to primary data sources and conduct detailed analysis

= Document sources of data, modeling and analysis approach, and
results/conclusions

= Maintain openness and transparency of LCAs by making GREET and its
documentation publicly available

* Primarily process-based LCA approach (the so-called attributional LCA); some
features of consequential LCA are incorporated
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GREET relies on a variety of data sources

Baseline technologies and systems (background data)

» Energy Information Administration’s data and its Annual Energy Outlook projections
» EPA eGrid for electric systems
» US Geology Services for water data

Field operation data (foreground data)

* Oil sands and shale oil operations
 Ethanol plants energy use
* Farming data from USDA

» ASPEN Plus for fuel production

» ANL Autonomie for fuel economy

« EPA MOVES for vehicle emissions, EPA AMPD for stationary emissions
« LP models for petroleum refinery operations

» Electric utility dispatch models for marginal electricity analysis

Collaboration with other organizations

Industry inputs

* Fuel producers and technology developers on fuels
» Automakers and system components producers on vehicles
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Life cycle of fuels from petroleum and natural gas

Co-reactants,

[ Crude oil/natural gas } Catalysts,
Methanol,

Corn-derived ethanol

Exploration/ : Fuel
Transportation Petroleum :
recovery/ transportation

processing Rceo/NG ning and distribution

Fuel
combustion

NG processing/ Transmission of d  Compression

liquefaction NG and refueling

= All direct activities and emissions in the above flowcharts are included
» Land disturbance of oil/NG recovery was assessed and included in GREET (up to 2 g/MJ)

» Methane leakage of the NG supply chain is based on combined bottom-up (EPA GHG Inventory)
and top-down (individual studies) approach
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A variety of biofuel production pathways are covered in GREET

Grains, sugars, I Fermentation, Indirect Gasification
and cellulosics |

Ethanol, butanol

A

\ 4

Fermentation

Hydrothermal Liquefaction
y d Renewable diesel

Anaerobic Digestion

\ 4

Waste feedstock Renewable Natural gas

1 —

I Combustion —
g Electricity

Combustion T

. | Pyrolysis, Fermentation,
Cellulosics |~ Gasification (e.g., FT)

\ 4

Drop-in hydrocarbon fuels

Gasification (e.g., FT), Alcohol to Jet, Sugar to Jet L/iaton and marine fuels

A

Hydroprocessing

Algae and oil I Transesterification
crops |
|

A 4

Biodiesel

Renewable diesel

Hydroprocessing, Hydrothermal Liquefaction
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GREET includes details of both biofuel feedstock and conversion

< Fuel Production (Well to Pump) >
Energy ‘ ’o Raw material 1 e On-farmenergy | F“:! cI:mhusted n * Energy I * Fuel combusted in\ i
consumption H i ¢ Process chemicals vehicles
) i ¢ Energy consumed in )
| pre-| processmg [
Fuel Combustion

(Pump to Wheels)

CO, emissions from

Lime/urea application ‘s Co- product (e.g., ammalfeed) b

* Displacement of conventional
-~ products

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

« All biofuel regulations in place or under development
allow biofuel facility certification




CCLUB Addresses GHG Emissions Related to Soil for Growing Feedstocks

» Land use change (LUC) is defined as the shift in land-use and land-cover that could
accompany large-scale feedstock production in cropland to produce biofuels

» GREET biofuel LCA accounts for LUC-induced soil carbon changes

Carbon Calculator for
Land Use Change (LUC) Land Management Change (LMC)

l | |

Biofuel Production Farming Scenarios
Scenarios Stov_er removal, tillage, crop
Soil carbon rotatllon,l cover crop, manure
modeling application
Cor_'n_pu_table genera_l (CENTURY) :
equilibrium economic Feedstock Scenarios
model’s results (i.e., Corn grain
GTAP) Cellulosic (e.g., corn stover)

4

» Land management change (LMC) include diverse farming practices, which would induce soil carbon
changes during feedstock production

» GREET biofuel LCA has accounted for the impacts of LMC on soil carbon changes
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Feedstock is a significant contributor to corn ethanol LCA GHGs:
38% of corn ethanol ClI, in addition to 11% from GREET LUC GHGs

Fuel combustion, including biogenic
emissions credit
4%

Significant variation exists in
feedstock Cl among regions

Transporation and

distribution i

4% B National

N20 (N fertilizer and
biomass residue)

18%

Wisconsin

South Dakota

e CO2 (Urea fertilizer
Cradle to farm-gate activities

and lime) Ohio
38% -
Fertilizer/chemical Nebraska
manufacturing
12% Minnesota

Energy consumption

Fuel production 4% Michigan

43%

Dry Milling Corn Ethanol w/ Corn Qil Extraction. lowa

DSG credit, -12.9 g CO,e/MJ, is not included
Indiana

Illinois

0 10 20 30
g CO,e/M)
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Retrospective carbon intensity of corn ethanol (without LUC)

58
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= Corn ethanol Cls have
decreased over the last 15
years (23% or 14gCQO,e/MJ)

= Corn ethanol CI (including
LUC) in 2019 shows 44%
reduction compared to fossil
baseline (93 gCO,e/MJ)

= Ethanol production-related
emissions have decreased
30% (11 gCO,e/MJ; 36>25)

= Corn farming shows
reductions in GHG, 15% (5
gCO.,e/MJ; 33->28)

80

70

(O] o~
(@) o

N
o

Corn ethanol carbon intensity
without LUC (gCO,e/MlJ)
s 8 8

o

|
o

-20

2005 2006 2007 2008 2009 2010 2011

Corn farming energy

Transportation

Fertilizers and chemicals

Combustion

2012 2013 2014 2015
Displacement credit

mTotal Cl

I
2016 2017 2018 2019

Ethanol production
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Observations: Values and Limitations of LCA

(d LCA is a major step to holistically evaluate sustainability of a technology

=  From singular stages to the complete supply chain so that shift in environmental burdens from one stage to
the other is not missed

= LCA thinking has helped changes in corporation and consumer behaviors
= LCA based regulations have helped promotion of sustainable technologies
= Process level details along a technology’s supply chain provide insights of opportunities and challenges of a
technology’s sustainability
(J LCA results are still subject to variations and uncertainties
= LCA system boundary depends on scope of LCA
= Attributional and consequential LCA address different questions and have completely different boundaries
= Co-product methods in LCA can be subjective and affect LCA results significantly
= Data availability and representation
v Temporal variation
v’ Geographic/spatial variation
v’ Data uncertainty (e.g., sources of process energy/chemicals, methane emissions, land use changes from
biofuels)
= Limitations of comparative results from LCA
v’ Current vs. uncertain future
v Different technology readiness levels (TRLs) across processes and pathways
v Resource and infrastructure availability
3 v Economics, production scalability, and market acceptance/competitiveness



The research effort at Argonne National Laboratory was supported by the Bioenergy Technology Office under the Office of
Energy Efficiency and Renewable Energy 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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