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

GREET 1 model: 
Fuel-cycle (or well-to-wheels, WTW) modeling of vehicle/fuel systems

Stochastic 
Simulation Tool

G
REET 2 m

odel: 
Vehicle cycle m

odeling for vehicles

 Argonne has been developing the GREET life-cycle analysis 
(LCA) model since 1995 with annual updates and expansions

 It is available at greet.es.anl.gov



There are over 50,000 registered GREET users globally
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GREET includes a suite of 
models and tools
 GREET coverage

 GREET1: fuel cycle (or WTW) model of vehicle 
technologies and transportation fuels

 GREET2: vehicle manufacturing cycle model of 
vehicle technologies

 Modeling platform
 Excel
 .net

 GREET derivatives
 ICAO-GREET by ANL, based on GREET1
 China-GREET by ANL, with support of Aramco
 CA-GREET by CARB, based on GREET1
 AFLEET by ANL: alternative-fuel vehicles 

energy, emissions, and cost estimation
 EverBatt by ANL: energy, emissions, and cost 

modeling of remanufacturing and recycling of 
EV batteries

 The Building LCA Module

CA-GREET3.0 built based on and uses data from ANL 
GREET

Oregon Dept of Environ. Quality Clean Fuel Program

EPA RFS2 used GREET and other sources for LCA of fuel pathways; 
GHG regulations

National Highway Traffic Safety Administration (NHTSA) fuel 
economy regulation

FAA and ICAO AFTF using GREET to evaluate aviation fuel 
pathways  

GREET was used for the US DRIVE Fuels Working Group Well-
to-Wheels Report 

LCA of renewable marine fuel options to meet IMO 2020 sulfur 
regulations for the DOT MARAD 

US Dept of Agriculture: ARS for carbon intensity of farming 
practices and management; ERS for food environmental footprints; Office 
of Chief Economist for bioenergy LCA

Environment and Climate Change Canada for its Clean 
Fuel Standard

GREET applications by agencies



GREET covers many groups of energy systems

Petroleum Sector:
• Conventional oil
• Shale oil
• Oil Sands

Natural Gas Sector:
• Conventional NG
• Shale gas

Gasoline
Diesel
Jet fuel
Liquefied petroleum gas
Naphtha
Residual oil

1st Gen Feedstocks:
• Corn
• Sorghum
• Soybeans
• Rapeseeds
• Sugarcane
• Palm

2nd Gen Feedstocks:
• Dedi. energy crops
• Crop residues
• Forest residues
• MSW
• Animal wastes

Algae

Natural gas
Coal
Residual oil
Biomass
Nuclear
Hydro
Wind
Solar

Electric Systems:
• Electricity generation at 

US plant level
• Aggregate to national, 

NERC, and state level
• With CCS, if applicable

Natural gas
Biomass
Coal
Petroleum coke
Coke oven gas
Electrolysis with electricity
Nuclear energy

Hydrogen Economy:
• Gaseous hydrogen
• Liquid hydrogen
• With CCS, if applicable

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

• Transportation sector: 
CNG, LNG

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

Renewable 
Energy/Fuels:
• Ethanol
• Biodiesel
• Renewable diesel
• Renewable gasoline
• Renewable jet fuel
• Renewable natural gas      

Renewable Hydrogen via 
electrolysis:
• Wind
• Solar
• Nuclear

CO2 Sources
• Ethanol plants
• NG SMR plants
• Cement plants
• Etc.

Electro-Fuels
• Gasoline
• Diesel
• Jet fuel
• Methanol

5Besides energy systems, GREET also includes 
plastics and products. 



A variety of biofuel production pathways are covered in GREET
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Grains, sugars, 
and cellulosics Ethanol, butanol

Cellulosics Drop-in hydrocarbon fuels

Aviation and marine fuels

Fermentation, Indirect Gasification

Algae and oil 
crops

Gasification (e.g., FT), Alcohol to Jet, Sugar to Jet

Hydroprocessing

Biodiesel

Renewable diesel

Transesterification

Hydroprocessing, Hydrothermal Liquefaction

Pyrolysis, Fermentation, 
Gasification (e.g., FT)

Waste feedstock Renewable Natural gasAnaerobic Digestion

Electricity
Combustion

Combustion

Renewable diesel
Hydrothermal Liquefaction
Fermentation

• 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 system boundary for biofuel LCA: direct activities and indirect 
effects are included

Key factors determining biofuel LCA 
results
 LCA system boundary

 Feedstock types

 Conversion technologies: energy balance 
and materials inputs such as enzyme and 
catalyst

 Technology improvement over time

 Biorefineries with distinctly different 
products: co-product methods

 Direct and indirect land use changes



GREET life-cycle GHG emissions of ethanol: feedstock is the main driver
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Feedstock is a significant contributor to corn ethanol LCA GHGs: 
38% of corn ethanol CI, in addition to 11% from land use change GHGs
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Dry Milling Corn Ethanol w/ Corn Oil Extraction.
DSG credit, -12.9 g CO2e/MJ, is not included

Significant variation exists in 
feedstock CI among regions



Carbon intensity of corn ethanol without LUC

 Corn ethanol CIs have 
decreased over the last 15 
years (23% or 14gCO2e/MJ)

 Corn ethanol CI (including 
LUC) in 2019 shows 44% 
reduction compared to fossil 
baseline (93 gCO2e/MJ)

 Ethanol production-related 
emissions have decreased 
30% (11 gCO2e/MJ; 3625)

 Corn farming shows 
reductions in GHG, 15% (5 
gCO2e/MJ; 3328)
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Animal feed LCA methodology: a project 
for the United Soybean Board in 2019
 The project covered the LCA of poultry and swine diets with:

• Soybean meal
• DDGS
• Synthetic amino-acids
• Meat and Bone Meal
• Corn 

 Performed a process-based LCA with a focus on:
• Animal feed ingredient production
• Diet formulation
• Animal growth, products and co-products

 The functional unit of the LCA was per mass unit (lb) live-weight (LW) 
poultry or swine produced at the farm gate





• gCOe2/kg LW animal  at the farm gate
• Water L/ kg LW animal at farm gate
• MJ/kg LW animal at farm gate

The LCA system boundary
“Field-to-Farm Gate”
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Composite diets 
used for the entire 
production cycle

Poultry diets 

Standard diets: 
Corn-soy

Diet A: Corn-soy 
with 8% DDGS

Diet B: Corn-
soy with 12% 

DDGS

Diet C: 
Corn-soy 
with MBM

Soybean meal 27.40% 25.60% 24.80% 24.60%
Corn                  72.10% 65.60% 62.10% 74.80%
DDGS               0 8.40% 12.60% 0
DL-Met 0.24% 0.22% 0.20% 0.25%
Threonine 0.09% 0.07% 0.05% 0.09%

L-Lysine HCL 0.18% 0.21% 0.22% 0.19%

Swine diets 

Standard diets: 
Corn-soy

Diet A: Corn-soy 
with 10% DDGS

Diet B: Corn-
soy with 20% 

DDGS

Diet C: Corn-
soy with 30% 

DDGS
Diet D: Corn-
soy with MBM

Soybean meal 12.40% 7.40% 2.30% 0% 7.74%
Corn                  87.00% 81.40% 75.80% 67.40% 91.60%
DDGS               0 10.50% 21.10% 31.90% 0
DL-Met 0.06% 0.04% 0.02% 0% 0.08%
Threonine 0.11% 0.13% 0.14% 0.12% 0.13%

L-Lysine HCL 0.41% 0.52% 0.62% 0.64% 0.46%



Data for crops and ingredients used in the 
LCA  
 Corn

• Sourced from corn production data in GREET

 DDGS
• Co-produced along with corn-based ethanol 
• Sourced from ethanol production data in GREET

 Soybean meal
• Results from processing soybean into oil and meal
• Sourced from biodiesel production data in GREET

 Amino acids
• Were not available in GREET
• Added data based on literature review and expert interactions
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DDGS assumptions in the LCA study

GHG DDGS
= Emissionsfeedstock production& transporation + Emissionscorn fermentation + Emissionscorn oil extraction ∗ % 𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫
+ Emissionsdrying DGS

What does it take to produce 1kg of DDGS? 

Corn-ethanol production pathway (Wang et al., 2012)

Allocation ratio based on mass and market values between DDGS and ethanol
Mass1 Market 

Value2

DDGS (kg/l of ethanol) 0.68 DDGS ($/l of ethanol) 0.10

Ethanol 
(kg/l of ethanol)

0.79 Ethanol ($/l of 
ethanol)

0.37

Allocation ratio 46% 22%

1.  Values for mass allocation obtained from ANL (2018).
2.  Values for market value are based on the last 5 years average 
value (U.S. Bioenergy Statistics, 2019).   

Conversion:
Corn Ethanol
Production
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Soybean meal assumptions in the LCA study
Soybean meal production pathway (Han et al., 2014)

Mass1 Market 
Value2

Soybean oil 
(kg/kg SBO)  

1 Soy oil ($/kg SBO
2

0.73

Soybean meal 
(kg/kg SBO)  

3.63 Soybean meal 
($/kg SBO)3

1.36

Allocation ratio 78% 65%

Allocation ratio based on mass and market values between soybean oil and soybean meal

1.   Values for mass allocation obtained from ANL (2018).
2. Values for market value are based on the last 5
years average value (U.S. Bioenergy Statistics, 2019).



Crops and ingredients used in the analysis  
Material and energy input to produce one lb. of synthetic amino acid: Lysine HCL, Threonine, and Methionine

Material input (lb/lb of AA) Lysine.HCL Threonine Methionine

Sugar 1 1 N.A

Maize starch 0.5 0.5 N.A

Wheat starch 0.5 0.5 N.A

Liquid ammonia 0.3 0.3 N.A

Propylene N.A N.A 0.43

Hydrogen sulfide (H2S) N.A N.A 0.27

Methanol N.A N.A 0.39

Hydrogen cyanide (HCN) N.A N.A 0.21

Energy input (MMBtu/lb of AA)

Electricity 0.0077 0.0077 0.0016

Natural gas 0.0077 0.0077 0.0016

Source: Mosnier, E., van der Werf, H., Boissy, J., Dourmad, J.-Y., 2011. Evaluation of the environmental implication of the incorporation of 
feed-use amino acids in the manufacturing of pig and broiler feeds using life cycle assessment. Animal, 5, 1972-1983.



Carbon intensity for main ingredients in swine and 
poultry diets

Synthetic AAs have the highest 
GHG emissions/kg because of 
their high energy-intensive 
production process and 
material inputs.



Feed preparation and live animal production

Input (MMBtu/lb of animal) Swine1 Poultry2

Electricity 6.04 58.90 
Residual oil 24.76 N.A
Natural gas N.A 22.76 

Water (gal/ lb of animal) 7.6e-5 0

1. Data from Reckmann, Blank, Traulsen, & Krieter, 2016

2. Data from Pelletier , 2008

Energy Inputs for Animal Feed Production

Swine and Poultry Production at the Farm Gate

Process parameters 
(per 1,000 Animals Produced)

Swine  Poultry

Average animal live-weight at farm gate (lb) 277 7.0
Total feed  703,508 12,950

Total feed / lb animal live-weight gain 2.54 1.85

Energy Input (MMBtu/ lb live animal weight) Swine1 Poultry2

Electricity 225.12 134.40
Natural gas 305.74 N.A

Diesel 23.91 29.68
Gasoline 5.70 N.A

LPG N.A 121.71
Water (gal/ lb live animal weight) 3.54 0.46

1. Energy input data from National Pork Board, 2019.
2. Energy input data from Putman, Greg, Burek, & Matlock, 2017.



Manure management: U.S reference system for 
swine and poultry manure management 

Swine operation Poultry operation

Pasture
Solid 

Storage Liquid/Slurry
Anaerobic 

Lagoon Deep Pit Pasture Poultry w/o Litter
Reference management system 
usage  (MS%)

2% 4% 18% 35% 41% 1.0% 99.0%

Manure Management
Swine Poultry

Total Manure management 
(lb. dry solid manure/year) 107,371 3,497

Total Manure management
(lb. dry solid manure/lb. live pigs at farm gate) 0.388 0.5

Manure characteristics 
Moisture content 90% 40%

Total solids (lb./lb. manure) 0.10 0.6
Non-Combustion  Emissions

CH4 Emissions (lb. CH4/lb. TS) 0.083 0.003
N2O Emissions (lb. N2O/lb. TS) 4.21E-04 4.04e-04

Credits from Manure Management 
C Sequestration (lb. CO2/lb. TS) -0.3147 -0.6488

N Displaced (lb. N/lb. TS) -0.0420 -0.038
P2O5 Displaced (lb. /lb. TS) -0.0734 -0.044

K2O Displaced (lb./lb. TS) -0.0530 -0.030



Results: Life-cycle GHG, fossil fuel and water consumption for swine production

Standard diet GHG (g CO2e/ lb
LW animal at farm 

gate)
%

Fossil fuel 
consumption (Btu/ lb

LW animal at farm 
gate)

%
Water consumption 

(gal / lb LW animal at 
farm gate)

%

Animal feed 
production 419.6 88% 2395.8 76% 11.47 76%

Animal farming 58.6 12% 749.6 24% 3.59 24%
Credits -0.02 -0.16 0
Total 478.1 3145.3 15.06



Results: Life-cycle GHGs for swine production



Results: Life-cycle GHGs for poultry production



Results: Life-cycle GHGs for poultry production



LCA results: market allocation



Conclusions
 For total life-cycle GHG emissions on a field-to-farm gate basis, feed production contributes 

about:
• 89% in swine 
• 92% in poultry diets

 For total fossil fuel consumption, feed production contributes about:
• 80% in swine
• 86% in poultry

 Per pound of ingredient, synthetic amino acids have the greatest carbon footprint among all the 
major ingredients for both swine and poultry diets

 The biggest contributor to GHG emissions is DDGS because of the amount used
• Increasing DDGS inclusion rates while reducing corn and soybean meal increases life-cycle 

GHG emissions and fossil fuel consumption in both swine and poultry production
• Water consumption decreases marginally as corn and soybean meal composition decreases in 

the diets

 However, the results of DDGS was based on Argonne 2012 study for corn and ethanol 
production; corn farming and ethanol production have improved since then, and will continue so.



Questions?

Michael Wang (mwang@anl.gov)
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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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