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Key Sponsors
Providing long-term support for GREET development

> Bloenergy Technologies Office (BETO) o= p
Data, Modeling, and Analysis
« Strategic Development and Integration
« Conversion Technologies
» Feedstock Technologies

« Advanced Algal Systems ~
Qrpa-e

» Advanced Research Projects Agency-Energy (ARPA-E) chanciNG wHAT's PossiBLE
» Decarbonizing agriculture and biofuel feedstocks
« Green ammonia

» Macroalgae Cultivation and Products S

» U.S. Dept. of Agriculture i

« Bioenergy, low carbon agricultural products
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Comprehensive Scope

Detailed modeling of feedstocks and conversion

A

Fuel Production (Well to Pump) >

‘ Energy W ‘ Raw materialw e On-farm energy * F“:! tiombusted n e Energy e Fuel combusted in
consumption vehicles . * Process chemicals vehicles
e Energy in )

pre-processing

l l Fuel Combustion
(Pump to Wheels)

€O, emissions from
Lime/urea application

e Co-product (e.g., animal feed)
e Displ. of ional
products

YV V l
oy ’
g 7
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Land Use Change
» Carbon Calculator for Land Use Change from Biofuels Production (CCLUB)
» Feedstock average soil C and soil nitrous oxide (N,O)

Land Management Practices
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Comprehensive Scope

Feedstocks, conversion, and end use fuels, energy, chemicals

Grains, sugars, and Fermentation, Indirect Gasification
» SUE . g * Ethanol, butanol
cellulosics
Fermentation 1
Hydrothermal Liquefaction . .
y 9 » Renewable diesel or jet
[ Waste plastics I Pyrolysis !
| Waste CO, : Waste CO, Alcohol to Jet
rgani Anaerobic Di ion —
Organic waste aerobic Digestio > Natural gas and derivatives
feedstock
T Combustion —
B s e e e e e e m e m—mm—m——— o= Electricity
Combustion T

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

I - - -
Gasification (e.g., FT), Alcohol to Jet, Sugar to Jet -| A andTmarlne s

A 4

Drop-in hydrocarbon fuels

| Hydroprocessing
Algae and oil crops Transesterification

A 4

Biodiesel

> Renewable diesel
enewable diese Argonne &

(Z)ENERGY (75 Hydroprocessing, Hydrothermal Liquefaction




Focus Areas and Related Models
LCA, location-specific, water stress, water quality, decarbonization

> Biofuels and Bioenergy
» Biofuels / low-carbon liquid fuels
* Renewable natural gas
* Refinery coprocessing
« Biopower
« Biogenic CO, utilization

» Bioproducts
» Bioplastics and biochemicals
« Circular economy
» Agricultural products/animal feed

ZIENERGY Ui S sy ey

Models

GREET - Greenhouse Gases, Regulated Emissions,
and Energy Use in Technologies

CCLUB - Carbon Calculator for Land Use Change
from Biofuels Production

FDCIC - Feedstock Carbon Intensity Calculator
AWARE US - Available Water Remaining U.S.

Bioeconomy AGE - Bioeconomy Air, Greenhouse
Gases, and Energy Use

Decarbonization Scenario Analysis Model
RP-LCA - Refinery Products LCA and RP-VOC -
Refinery Products VOC Calculator

WATER - Water Analysis Tool for Energy Resources
DAYCENT / CENTURY

SWAT - Soil and Water Assessment Tool [external]

Argonne &




L CA of Feedstock Production
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Consistent and Inclusive Feedstock LCA Framework
Detailed considerations for corn and soy cultivation

= Upstream emissions of — e Energy W e Raw materiaq e On-farm energy ¢ = Upstream emission of producing
producing energy source and I | consumption energy source
raw material Hydrogen = Emission; from energy
= Emissions from energy and Chlorine Diesel consumption to operate farm
material consumption to A"L':‘;"'a Gasoline machinery
manufacture farm inputs (e.g., Diesel Nitric Acid Natsral g
ili ' Gasoline Sulfuric Acid
fertilizers/agrochemicals) Natural gas u Electricity
LPG

= Direct and indirect N,O
emissions from

v Corn residue left in soils (1% +
0.225% of 141.6 g N per bushel)

v N fertilizer application (1% +
0.325%)

v" Animal manure (1% + 0.425%)

Electricity

Fertilizers '

/Agrochemicals

= CO, emissions from lime/urea
application

v' 0.216 gCO,/g CaCO; (EPA) —P CO; emissions from

v 0.733 gCO,/g CH,N,O lime/urea application

Direct and indirect

Index 4 N,O emissions . .

— T = Modeled soil organic C (SOC)
inputs . Total emissions Land management change sequestration potgntlals _
 icastge > from biomass emissions < associated with diverse farming
production < | practices by using a process-

based simulation model
(B ENERGY (Tt 7 Argonne

NATIGNAL LABORATORY




Actively Updating GREET for Changing Practices
Ongoing research to address current and future biomass production

80

» Tracking and updating key parameters
— Yield, farming inputs, energy consumption (corn,
soybean, and sorghum)
— N2O emissions from crop residues of bio-oll
feedstocks

70

60

(%2
o

P
o

Corn ethanol carbon intensity
without LUC (gCO,e/MJ)
w
o

b4 b4
‘ | I ‘ | I

— Land use change emissions for biodiesel and ®
. 10
renewable diesel .
= Near-term GHG reduction opportunities
- Mitigation measures for corn farms = 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
i H Corn farming energy Fertilizers or)d chemicals Displacer_nem credit
E()evflaggr?bn(;i | E?O?L?er‘ll(?fglélérseto C kS . E(T):lglngll production Transportation Combustion
= What if low-carbon fuel standards
recognized improved farming practices?
— Significant potential for SOC, but concerns around
additionality and permanence Reference:
Lee et al. 2021. ‘Retrospective analysis of the U.S. corn ethanol industry for
f?}EN"EI'!GY Bttty e 2005-2019: Implications for GHG emissions. BioFPR. 15(5) 1318-1331.

8 https://onlinelibrary.wiley.com/doi/full/10.1002/bbb.2225 Argonne &
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CCLUB Provides GREET Land Use Change Modeling Capability
Carbon Calculator for Land Use Change from Biofuels Production

Biofuel scenarios

* 5 scenarios for ethanol from corn
grain, stover, Miscanthus, switchgrass
e 4 scenarios for soy biodiesel

[GTAP-Bio CGE model

* Estimates land conversion associated
with scenarios.

 Domestic and international

* Forest, grassland, cropland pasture,

\ feedstock land

\

4 A

Soil C and N,O emission
factors related to LUC

* Domestic EFs modeled using U.S.
county-level soil C simulations.

* International EFs derived from
Winrock and Woods Hole datasets

J

@EN ERGY ..o ey oy

9
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GREET CCLUB: Macroeconomic and Process-Based Modeling
Understanding of LUC GHG emissions has been evolving since 2008

Corn Ethanol LUC GHG emissions (gCO,/MJ)

= Down trends in LUC estimates due to . % 0 - i oo
improved and better calibrated Searchinger ef dl. 2008 104
models incorporating newer data CARE 2007 30

U.S. EPA 2010 28
. Hertel et al. 2010 27
» GREET combines GTAP LUC and Tyner et al. 2010 =
detailed process modeling of soil _— ltg(;jf;ss;; 10
unn et al. = 8
carbon changes Eliott of al. 2014 s ¢
. CARB 2015 20
= Critical factors for LUC GHG European Union 2015 12
— Intensification vs. extensification Valin et al. 2015 14
« Yields: existing vs. new cropland Taheripour et al. 2017 12
- Double Cropping Wang et al. 2017 (GREET) - 7
i GTAP-BIO 2019 (Zhao et al. 2021) 17
« Extension to new land types GLOBIOM 2019 b
— Price elasticities Lark et al. 2022 44
« Crop yield response to price _ _ _
« Food demand response to price Lee et al 2021 Retrospective analysis of the U.S. corn ethanol industry for 2005-2019

Visit https://greet.es.anl.gov/publications for modeling methods, results, and responses to related efforts.

— SOC change from land conversion and
mgt practices

(Z)ENERGY 75
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Rigorous Estimates of GHG Emissions from LUC

Harmonized, peer-reviewed, and transparent framework for
reliable and repeatable results

Models & Data CCLUB
Sources Dutput Calculations Results

GTAP B'Ofusilei::_s::t'on Land transitions by area and N Adjust US forest area baseline |
» type with US Forest Service data GHG emissions (g CO,e/M])
by combining land area
Domestic & Aboveground carbon — Carbon emission factors ——~— changes with emissions
International Winrock & stocks (for forest and/or factors and applying
Woods Hole > grassland) IPCC N,O emission factors assumptions
Datasets Belowground or soil carbon
stocks IPCC CH, emission factors |
Soil carbon emissions

LUC i (g COe/M))

- scenarios lvi .

Parameterized * Belowground or soil carbon —* _ . - by applying assumptions
Soil carbon emission factors

CENTURY » stocks — —
. LMC scenarios ! v -
Domestic Spatial coverage
On|)l N,O emission factors — County
AEZ
Carbon Online _ Aboveground carbon Carbon emission factors of | | —‘
L | Estimator " stocks (only for forest) ‘# harvested wood product Country/Biome

Kwon et al 2021 CCLUB users’ manual and technical documentation

#70 u3 oEsARTMENT 0T Argonn
(LENERGY (755
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Customized CENTURY Model Provides LUC GHG Emissions
SOC estimates over 30 years at the U.S. county-level aggregated to AEZ

80 250

= Long-term land use history

Steady-state condition
70 1 Corn yield

Tillage and harvest practices

w150

Constant or increasing yield

Consistent with USDA and EPA GHG g, B
accounting 3 )
Broad applicability across soil, climate B H||||||"|||| Hh“““”“

and management conditions 1880 1900 1920 1940 1960 2000 2020 2040 ’

(" Ear rly Agriculture

Soil organic carbon (Mg C ha?)
8
(;-212e jaysng) pjaiA uiess uio)

‘ Pristine « N oW Modern Agric Projection
= Native prairies/forest :cur:dsto erl = Hybrid corn and synthetic fern\lzers ojectiol
AN " / J
Original Land Types Forest (including YF-Shrub), Cropland, Grassland, Cropland Pasture ‘ i b Y
i . Conventional Tillage Reduced Tillage .
Tillage Options No Till (N
| I
;‘::::sgsrﬂ];z:s:sg;;:n: l 0 or 30% of Stover l \ 90% of Aboveground Biomass 1
l l l l l Agro-ecological Zones I 12 - Temperate Humid (year round growing season)
< Y 2 > - 7 - Temperatre Arid 113 - Boreal And
3 Corn Grain - it * I 5 - Temperate Dry semi-arid [1101] 14 - Boreal Dry semi-a s
Feedstock Options | Soybeans ’ ‘ Switchgrass = Miscanthus ‘ ‘ Popular ‘ Willow s I = - Yermperate Voist sarmiarict [ 15 - Borsai Molst smibarid
’ and Stover | 1 k | l 2 ] 1D-Ter:plrabe Subhumid [ ] 16 - Boraal Sub-humid Argon ne o

o
O otTemperstorumd 0 Swnomusonon



CCLUB SOC and N,O Estimates Informed by Meta-Analysis
Synthesizing information from measured data and recent literature

» Forest harvesting and biomass removal
(James et al 2021)

— Measured data from the North American Long-Term
Soil Productivity study and recent publications

= Corn stover removal (Xu et al 2019)

— Effect of removal rate, tillage, solil texture, and soil
sampling depth

» Indirect peatland loss (Qin and Kwon, 2018)
— Updates for Southeast Asian palm plantations

= Corn and cellulosic ethanol and soy biodiesel
(Qin et al 2016)

— Cropland, grassland, and forest land to production
of corn, switchgrass, Miscanthus, poplar, and willow

13 Argonne &



Feedstock Carbon Intensity Calculator (FD-CIC)

Cradle to farm-gate GHG emissions for feedstocks

= New tool for field-specific
feedStOCk LCA Transportation and.::}?

distribution
4%

= Considers alternate
farming practices

N20 (N fertilizer and biomass
residue)
19%

Feedstock
production
40%

CO2 (Urea fertilizer
and lime)

4%
Fertilizer/chemical
manufacturing
13%

= Harmonized framework
based on GREET

Fuel production

» Feedstocks significant in 43%
LCA of corn ethanol and
other biofuels

Energy consumption
4%

ZJENERGY 020 sy iy
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Feedstock Carbon Intensity Calculator (FD-CIC)

Cradle to farm-gate GHG emissions for feedstocks

Inputs

per unit area

Grain yield

Energy inputs
= Diesel
Gasoline
Natural gas
LPG
Electricity

GHG Intensities of inputs

per unit input (calculations in GREET)

Fertilizer inputs
= NPK fertilizer
= QOther chemicals

Soil organic
carbon (SOC)

= Location

= Farming practices

\ 4

Energy Material
= g GHG/MIJ = gGHG/kg
A 4
Results

g GHG per unit feedstock

Per unit = Feedstock Cl w/o SOC
feedstock = Feedstock Cl w/SOC

produced

A

j;.l_‘"us DEPARTMENT OF Aoy
(%) ENERGY 7

SOC changes

Estimated with a parameterized
version of the process-based
CENTURY model

15

= Key parameters:
— Crop yield
— Energy consumption
— Fertilizer/soil amendment use
— Pesticide use

= |Input supply chains from GREET
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Feedstock Carbon Intensity Calculator (FD-CIC)

Cradle to farm-gate GHG emissions for feedstocks

1.2} Energy User Specific GHG GREET Default GHG Unit GHG, Conventional ammonia
1.2.1) Diesel 491 431 gGHGhbU User Specific GREET Default
1.2.2)Gasoline 77 77 gGHG!bu
1.2.3)Natural gas 33 33 gGHG!bu 8000
1.2.4) Liguefied petraleum gas 26 28 gGHGIbU
1.2.5) Electricity 171 171 gGHGb 7000 m
1.3) Nitrogen Fertilizer Uzer Specific GHG ‘GREET Default GHG Unit so00 553
1.3.1) Ammonia 354 284 gGHGIbU ESCOD
1.3.2)Urea 239 238 gGHGbuU =
1.3.3) Ammonium Nitrate 54 54 g GHGhbuU S
1.3.4) Ammenium Sulfate 28 28 gGHGEu E 4000
1.3.5) Urea-ammonium nitrate solution £51 E51 g GHGhbu F 3000
1.3.6) Mognoammaonium Phosphate as M fert b 70 70 gGHGbW =
1.3.7) Diammenium Phosphate as N fert ? 118 118 gGHGbu 2000
N20C emission due to nitrogen fertilizer and bit 3043 3043 g GHG!bu
C02 emission due to urea use 248 248 g GHGIEuU 1000
1.4) Phosphorus Fertilizer User Specific GHG GREET Default GHG Unit a
1.4.1) Menoammanium Phosphate as P fert b 166 166 g GHGbu
1.4.2)Dismmonium Phosphate as Pfert 137 137 gGHGhbu W Enargy F Mitrogen fertifzer FIN20 emission from field
€02 emission from field W Other chemicak mS0C change
1.5} Potash Fertilizer User Specific GHG GREET Default GHG Unit
1-5-13 . a0 82 g CHGbu GREET DEFAULT USER SPECIFIC
R o . = Energy
1.6) Lime User Specific GHG GREET Default GHG Unit _
1.6.1)Ca003 14 14 gGHGbu x tirogen Y " heen
CO2 emission due to CaCO3 use 315 315 g GHGbu o .
= N2O emission m N2Q emission
238 from eld 4%  from field
1.7) Herbicide User Specific GHG GREET Default GHG Unit ©02 emission ‘ 02 amissicn
1.7.1} Herbicide 109 109 g GHG!bu from field ‘ from fiald
u Other chemicals = Other
1.8) Insecticide User Specific GHG GREET Default GHG Unit chemicals Argon ne a
1.8.1) Insecticide 0.27 2.27 gGHG!bu HATIONAL LARGRATORY




Feedstock Carbon Intensity Calculator (FD-CIC)

Farming practices significantly affect feedstock carbon intensities

= Soil carbon, N,O, and inputs supply
chains are all significant

= No-till, cover crops, and manure
application can achieve low GHG
biofuel feedstocks

(B ERERGY 55 5

Cradle-to-farm-gate
GHG emissions, kgCO2e/bu

8

6

O Energy

@ Other chemicals
@ CO2 from field
B N fertilizer

[0 N20O from field
B SOC change

O Sum

FD-CIC Default

Wet climate N20 EF

4R Practices

Enhanced eff. fertilizer

Green ammonia

Cover crop

Animal manure

No till

Argonne &




Expanding FD-CIC for Key
Feedstocks & Management Options

» Feedstocks
— Domestic: corn, soybean, grain sorghum, rice
— International: Brazilian sugarcane, Canadian corn

= Corn farm management practices

— N,O EFs for different climate zones

— Nitrogen management: right time, right place, right form,
right rate (4R’s) and enhanced efficiency fertilizer

— Fertilizer production: conventional (fossil NG), green
ammonia via electrolysis with renewable electricity

— Cover cropping

— Manure application

— Tillage: conventional tillage, reduced tillage, and no tillage

» Rice farm management practices
— Water management
— Straw management

(DENERGY (TS 18




Wood Feedstock Production
Various species, temporal effects, whole tree and residuals

GREET wood feedstocks include Pine, Sl a2 63 Conventional Fuel
. . 200 ! ! ! ! !
Douglas-Fir, Spruce/Fir, Eucalyptus, - N B N B N B
Po p I ar W| I | OW. E 30.3 30.3 303 303 30.3 29.7
¢ E 100 | 105 1108 1106 1106 1106 1082
Calculations based on growth cycles & s I l
v]
address temporal effects on C balance. 0
$ 50
(V)
Single stand -100
}« &) -150
qa? ; 200 Baseline Time-Based Baseline Time-Based Baseline Time-Based Diesel  Gasoline
B Discounted Discounted Discounted
GWP GWP GWP
e T LT - ¥ Biogenic Carbon Uptake M Forest Operations
i ! Biofuel Production and T&D (biogenic-based) Biofuel Production and T&D (fossil-based)
Stand —Pp Thinning = Harvest .Ir_ PLumber & Paper Biofuel Combustion B Net

Products

establishment
Biofuel /V

- Combustion v i
T Logistics € Residues :

Biofuel ¥—— Biofuel € Conversion

19 Argonne &




Avoided Emissions and Carbon Balance for Wastes
Quantifying the effect of diverting wastes from conventional mgt.

Landfill

: -V
Organic Food waste Landfil, etc. | bl ooccmmmm--==moT
Waste

Dry lot, Liquid/slurry,

Animal anaerobic lagoon,
manure solid storage
/
Gaisification
& pyrolysis
AD or Co- Renewable | DISp!OCIhg
Waste-to-Energy digestion Fuels fossil fuels
Fermentation )j
Waste

| » Management eimell \®
L Nutrient Co-product

recovery credits

\

() BNERGY (7o el Argonne &
. o . T Oinonuamowro
Seq. CO,: Avoided CO, emissions from sequestered carbon; AD: Anaerobic digestion;




Avoided Emissions and Carbon Balance for Wastes
Quantifying the effect of diverting wastes from conventional mgt.

60
Wide variation in BAU methane emissions O BAU oWTE
o generation rates
50 || o collection/capture rates
91% 97%

o flaring/fugitive emissions

40 || Created waste module in GREET to improve
traceability for waste pathways and ensure
consistency across conversion pathways.

CH, Emissions, kg CH ,/ton waste

30
20
82%
7%
10 | 75%
L 4
v
0 — ] ] | .
US average MSW  Food Waste (AD)  Dairy Cow Manure Swine Manure (AD) Swine Manure (HTL)

landfills (AD) (AD)
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Microalgae Cultivation
Open Raceway and Photobioreactor

60

5 100% benefit to biofuel =

40 L m m = omm =

= Recent updates focusing on water
stress, CO, source, and recycling of

30 & F
. 2
nutrients and carbon. I I I I I I I I I I I

= Algae is often a CCUS pathway.

= Developed consistent projections Shgrbe_dfbe?efit between source
an iofue

o o

GHG Emissions (gCO,e/M))
o

across COZ2 sources. z, 100 . Fuel combustion
— CO,: biogenic, fossil, and direct air capture § : A A y  Infrastructure
— Source CO, purity affects capture regs. B, 50 e ° o ® 5 @ (miucldsmbuten
. . .. . c | Fuel production
— Allocating CO, credit distinguishes sources ¢ s L8t I I o Aee cultioaton
« Biogenic CO,: low carbon intensity g 0 ﬁ ﬁ L= r= : : : _C(g)z ,
. . . . c o = c [ compression
« Fossil CO,: higher carbon intensity o 2 535 98 & 38 "0 con i
. - . = 8 ~ Q e - ] r
- Direct air capture CO,: potential for future 5 .50 48 o E U E “ caprure
" § = Negative emissions
LT?; - ® Net
-100 E
vd
(DENERGY (TS Industry Power DAC

29 Argonne &




4
.
L 4] 5
€
) «
T 4 .

\eWw —

- : . Ny )
eleased with G

Support from ARPA-E MARIN |

Data collected from MARINER tea R i
Includes full life cycle for macroalc L : 33"52% - " o

; - T
productlon system Lh o ‘75?35!5’ : 2;:.’&;“’ : Sze.(k@‘""’ * s -
— Hatchery/nursery L

— Offshore farm infrastructure _.— — l — Biomass-+

— Installation and maintenance g

— Cultivation and harvest

— Also includes fuel production via hydrothermal

liguefaction to provide a fuel functional unit T e
Blolsssm MRy biomass

Ready to parameterize with case-specific
results

Publication forthcoming
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Corn Ethanol
Updated based on industry survey, GHG reduction potential, CO, capture

* Land-use change emissions
* N,O emissions from soils » Co-product LCA method » Carbon neutrality for biogenic carbon
* CO, emissions from lime/urea application

Ethanol
Corn farming m—' pi?f;%n w—» transportation COE:E?]QEL”

and distribution

Fertilizer

displacement Counterparts

co-products

Upstream
production
/manufacturing

(ZENERGY 72
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Corn Ethanol
Updated based on industry survey, GHG reduction potential, CO, capture

b3
4
ofe d
9
D D
p
9 b L d
A 4

e U3 Y d
4 A i

=  Decrease in corn ethanol Cl from 58 to 45 %

gC02e/MJ over 2005-2019

— Retrospective analysis based on
industry survey

— Increase in corn yield, 6.5% increase in

70

wn o
o o

N
o

Corn ethanol carbon intensity
without LUC (gCO,e/MJ)
w
o

ethanol yield/bushel, 24% reduction in %
ethanol plant energy use. °
0
= Evaluated options for decarbonizing corn 10
ethan0| prOdUCtlon' 0 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
= Evaluated use of high-purity fermentation Eimonol producton. Tarsporation. e
mTotal Cl
CO, for producing additional ethanol via
gas fermentation and electrochemical
reduction.
Reference:

Lee et al. 2021. ‘Retrospective analysis of the U.S. corn ethanol industry for
2005-2019: Implications for GHG emissions. BioFPR. 15(5) 1318-1331. o
26 https://onlinelibrary.wiley.com/doi/full/10.1002/bbb.2225 Argonne

nnnnnnnnnnnnnnnnnn
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Corn Ethanol
Updated based on industry survey, GHG reduction potential, CO, capture

110

= Decrease in corn ethanol Cl from 58 to 45 . S‘E’f’.:%n%i‘iiﬁg?ﬁg
: Oland use change )
gC02e/MJ over 2005-2019 ©| @Petrleum gasoline producton
— Retrospective analysis based on o G Inirect GHG reduction
2 ODirect reduction
industry surve 3 3% eCi
y ] y . o/ ; ) g 52.4 -45% -46% 47% 00
— Increase in corn yield, 6.5% increase in g s ] == = “
. . . @ S 511 50.2 49.5
ethanol yield/bushel, 24% reduction in § Q -87%
[ 36.7
ethanol plant energy use. ¥
[C] —
. e . I -120%
= Evaluated options for decarbonizingcorn @ 1 J s [—l
ethanol production. u
-10
= Evaluated use of high-purity fermentation oy
CO, for producing additional ethanol via 30 - = = N . S
. . N © 8 ge s & S IS
gas fermentation and electrochemical # & & & &@& &S0
: s 3 S o R S
reduction. < PP N e &
&8 & & & R\ 2
& &Qob & Q\,be,\oq q&"\& g &
& & © <& S

;’-"\ U3 DEPARTMENT OF _ Argonne National Labaratory is a
(Z)ENERGY S5 b=y 27 Argonne &




Corn Ethanol
Updated based on industry survey, GHG reduction potential, CO, capture

=  Decrease in corn ethanol Cl from 58 to 45
gC02e/MJ over 2005-2019
— Retrospective analysis based on

ion and CO,-to-ethanol)

" (MJ electricity / MJ ethanol)

(H;

industry survey © T ° R RS s 2
— Increase in corn yield, 6.5% increase in = Y Ml - W
ethanol yield/bushel, 24% reductionin  §~ e e o
ethanol plant energy use. § B | |
= Evaluated options for decarbonizing corn ;w - ([ b B h
ethanol production. s l ' | AR U Le | H |
. . . 50 { |
= Evaluated use of high-purity fermentation e

electrolysis. electrolysis electrolysis electrolysis. chior-aliali NGL steam chior-alkali NGL steam
wi

CO, for producing additional ethanol via s oy s v s

CO,o-ethanol. ‘Wind electricty MRO electricity mix Wind elecmc:tsy
gas fermentation and electrochemical
reduction.

;’-"\ U3 DEPARTMENT OF _ Argonne National Labaratory is a
(Z)ENERGY S5 b=y 28 Argonne &




Biodiesel and Renewable Diesel

Updated in GREET 2022 based [ ]
on industry survey data

Fertilizer | Soybean Soybean Soybean |  Soy oil
production farming transportation crushing fransportation
*  Updated using surveys of producers e, o Jem{ oo oo
and renderers Of animal fat and used Fertilizer Carinata Carinata Carinata Carinata oil ™ prmﬁl?tian 331::;1““"“
C00k| ng OII production farming transportation crushing transportation & distribution Whic‘lc
uco uco uco Rendered oil operation
Collection transportation rendering transportation RD RD fuel
= System boundary includes farming, Gomai |_coma__ pelen | oS ||
conversion, use, and land-use —
change (when applicable) el treesonten
@ 90 - @ Petroleum diesel production ©Feedstock
. .. _5 O Oilseeds crushing O Fat/UCO Rendering
= Carbon intensities for soy pathways g 751 1 Conversion 5 Transportation
ES Combusti & GCLUB/GREET
can be 64-67% lower than petroleum 52 & oCARB AICAO
. - [s] FiN *
diesel using the GREET LUC value ~ 35 | 5 =
= Carbon intensities for waste = I
pathways reach 79 to 86% ]
. 0
red UC'[IOHS Petroleum diesel Soy Canola Carinata Corn oil Tallow uco

29 Argonne &
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Renewable Natural Gas

AD Residue
AD residue management:

- displacement of fertilizers
- carbon sequestration

~ Wet Wastes |- RNG Production Distribution | End Use |

: ¥ D | :

: X NS ' 1| Light Duty |

. . Iy Compression ! . ;
Business-as-usual | Iy o . Vehicle ;
. Iy and Pipeline | . :

waste management X Transportation | \ Operation ;
practices | X Energy consumption and CH, ansponation i
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Renewable Natural Gas
Avoided emissions and displacement credits can be signficant
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Ethanol-to-Jet
From first- and second-generation ethanol

Cellulosic ethanol: 15.60 MMGal/yr

= Ongoing, completion spring emenation vent DDGS and Gom ol
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Refinery Biomass Co-Processing
New GREET module based on collaboration with ExxonMobil

Soy oil, used cooking oil, tallow, and pyrolysis oil inserted into
hydrotreater, hydrocracker, and fluid catalytic cracker
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Crude Crude Petroleum refining ) Fuel
recovery transportation w A S tri?;ﬂ%ﬁgﬁn/ ~ 7| combustion

Bio-feedstock Bio-feedstock
production transportation

Bio-feedstock
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Co-processed fuels LCA system boundary
Types of bio-feedstocks
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¥, U3 DEPARTMENT OF _ Argonne National Laboratory is
() ENERGY J785mi 0oty 34 Argonne &

nnnnnnnnnnnnnnnnnn



Hydrothermal Liquefaction
High temperature, high pressure conversion of wet feedstocks to biocrude

HTL Plant Upgrading Plant
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Manure (collecting from multiple HTL
= HTL biocrude is hydroprocessed T o e ol il P
duce hydrocarbon fuels, oy g | L | e | )
i L i A ; rotreating and | . _ Hydrocarbon
to produce hydrocarbon fuels. . e |z —| e |t
= Various feedstocks: — ”l e T
— Algae (Algae tab) Part | = ..

3 i o e e st g cely L 4 J
— Wastewater sludge (RNG tab) CIO N:L -

Gas Gas
— Animal manure (RNG tab)
= 100
<
2 80
2 60
h=l
n 40
2
£ 20
2 — - =
O 0
g With NH5; removal Without NH; removal
Wastewater Sludge HTL Petroleum diesel
m Biocrude production in an HTL plant = Biocrude transportation
® RD production in the upgrading plant m Fuel transportation and net fuel combustion

_ B Supply chain
e L8 Argonne <>

(ZENERGY 7%




Pyrolysis and Fischer-Tropsch Synthesis Pathways

Conversion of woody and herbaceous feedstocks

= Pyrolysis
—  GREET includes conventional, fast, and
catalytic fast pyrolysis.
—  Pyrolysis pathways using a variety of wood
and herbaceous biomass.
—  Pyrolysis oil is hydroprocessed to produce
hydrocarbon fuels.

=  Fischer-Tropsch Synthesis
—  Hydrocarbon fuels via gasification to
Fischer-Tropsch synthesis.
—  FT pathways using various biomass as well
as natural gas, coal, or blends.
—  FT pathways with CO, capture and
sequestration.
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Pyrolysis Pathways

Conversion of post-use non-recycled plastics to fuel

Feedstock
logistics and Operations at GREET model for
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plastic_to_fuel pathway Via pyrolysis ir7:::_7:7_7_711_7_7:7_7_7:7_7_7;:_7::::7_7 :7_7_7:7_7_7:7_7_7l:_fAlf::fffffffffofi
[ | |
. P Collecti I !
= Collected industry data through I Transport i |
P |
partnership with the American [Transport | |
. o } | N | }
Chemistry Council || Soning TSRO pretreatment | Heat | 3
) . . L tion ! i
=  Production of pyrolysis oil intermediate || L, sereen ' Fuel (Displacement or
Il 4 > A
and ultra-low sulfur diesel fuel i Conversion | | 825 allocation)
§ : > Char — 1) Landfil
% Pyrolysis oil uLS % 2) Energy
| Separation/ | Diesel | Vehicle | co-product
| Upgrading operation | | (Displacement or
IL 7777777777777777777777777 % 77777 Jﬁ e allocation)
Naphtha Wax
(Displacement or (Displacement or
allocation) allocation)

;’-"\ U.S. DEPARTMENT OF _ Argonne National Lal wory is a
LEJENERGY 230y Sron s

nnnnnnnnnnnnnnnnnn




Bio-Electricity

New bio-electricity module added from GREET 2021

» Bio-electricity from forest residues
» Results for 11 U.S. states

» Feedstock quantities, types, and
composition by state based on
economic modeling considering
multi-sector interactions
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Summary
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The GREET Model includes the full life cycle of many bioenergy
feedstocks, conversion technologies, and end use fuels.

Bioenergy and bioproduct pathways in GREET are regularly updated
and expanded with support from our long-term sponsors BETO,
ARPA-E, and USDA.

Recent updates include corn ethanol, soy biodiesel, soy renewable
diesel, and renewable natural gas, as well as new advanced pathways
(waste feedstocks, cellulosic feedstocks, CCS/CCUS, non-recycled
plastic)

Publications, documentation, and models available at
https://greet.es.anl.gov/
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