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Argonne National Laboratory
U.S. Department of Energy

Accelerating science and technology for U.S. prosperity
and security.

Multidisciplinary science and engineering research
center, where talented researchers work together to
answer the biggest questions facing humanity.

Operated by the University of Chicago
Over 2,000 research staff & post-docs

R&D 100 National and Inventions recorded
Awards international awards and
and honors patents issued

—




Analyzing the benefits and
challenges of technologies to
make the U.S. more sustainable,
secure, and resilient.

= Assess technologies and programs
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= Diverse group of ¥65 engineers,
economists, analysts, modelers, and
planners.
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GREET Model

Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies

« Consistent tracking of the life cycle performance of energy and products
— Used to inform and guide DOE research

* Argonne has been developing GREET since 1995 with annual
updates and expansions.

* Long-term support from U.S. Dept. of Energy L} = 6 ﬁ‘ w
— Vehicle Technologies Office (VTO) Arggp_r)e___ = G R E ET
— Hydrogen Fuel-Cell Technology Office (FCTO) LIFE-CYCLE MODEL
— Bioenergy Technology Office (BETO)

 Expanded from transportation-focus to include a wide range
of technologies

— Fuels, Vehicles, Chemicals, Plastics, Agriculture, Metals,
Concrete, Buildings, Batteries, Electricity Infrastructure
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There are ~50,000 registered GREET users globally

50,000

45,000

Users of GREET .Net only
40.000 - ysers of both GREET Excel and .Net
35,000 = Users of GREET Excel only
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GREET covers all transportation subsectors

== \.
11%

GREET

TRANSPORTATION M a ri ne
30/0 ANy

-

0
U

Share of US transportation GHG emissions; remaining 12% for US is from pipelines and offroad.
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GREET covers many groups Of energy Systems Photo credit: Shutterstock.com
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Waste-to-Energy and Waste-to-Pro

Wastewater

Landfill Gas

ANLESDI0:3

Well-to-Wheels Analysis of Landfill Gas-Based
Pathways and Their Addition to the GREET Model

Enorgy Systems Division

Journal of Cleaner Production
Volume 382 jonuory 2023 500

Life cycle analysis of gasification and
Fischer-Tropsch conversion of municipal
solid waste for transportation fuel
production

Uisung les & 5. Hao Cal, Longatsn O, Pahola Thothiana Benavides. Yixuan Wang.
Micheel Wang
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liquid fuels produced solid
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Animal Waste
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Renewable Natural Gas Pathways with the GREET Model

Energy Systems Division

Waste-to-Energy

Fuel

Life-cyce analysi of fuels from post-use non-recycled plastics
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Sludge

ANUESD16119

Argonne’

Lifecycle Analysis of Renewable Natural Gas
and Hydrocarbon Fuels from Wastewater
Treatment Plants’ Sludge

Energy Systems Division

Journal of Cleaner Production

Life cycle analysis of renewable natural gas
and lactic acid production from waste
feedstocks

Ussung Lee® 2 &, Arpit Bhatt ”, Troy Robert Hawkins ° Ling Tao",

Pahola Thathiana Benavides °, Michael Wang,
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Abstract
Producing fuel from waste is considered economically favorable, due to
low and lly favorable, due

conventional waste.

ment practices. In this study, we evaluate the life cycle
greenhouse gas (GHG) emission reduction benefits of renewable natural gas (RNG) and
lactic acid (LA) production from four types of wet waste feedstocks (wastewater sluds.

food waste, . and fat, oil, and grease [FOG)via anaerabic digestion (AD)
and LA fermentation, respectively. RNG can be used as an alternative to fssil natural gas,
while LA from waste feedstocks can displace conventional LA production pathwavs
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@ Life cycle analysis of waste-to-
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Well-to-Wheels Analysis of Compressed Natural
Gas and Ethanol from Municipal Solid Waste
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Life Cycle Greenhouse Gas Emissions and Energy
Use of Polylactic Acid, Bio-Derived Polyethylene,
and Fossil-Derived Polyethylene
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+ Bioderived PE can offer lower GHG emissions and FEC than the fossil-
based counterparts.
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LCA of WTE Pathways that May Provide Significant WTW
GHG Reductions

= | CA of waste-to-energy (WTE) pathways evaluate emissions associated with business-
as-usual (BAU) waste management and account for avoided emissions.

Avoidance (Negative)

WTE J : GHG emissions (B gCO,e) Positive
Fuel (MJ)

Pathways in GREET

Feedstocks Conversion m

Landfill gas > Upgrade w
Animal waste > AD J

MSW > Fermentation =

Wastewater sludge > HTL =
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GREET Renewable Natural Gas (RNG) Module

Business-as-usual

waste management
practices

BAU Waste K
Management [,

7
/ Landfil

Counterfactual
Anaerobic | scenarios
Digestion cH,
Emissions
Anaerobic
Lagoon & co,
Solid Storage Emissions

Soil organic carbon:
Increased/foregone carbon
\ storage
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RNG Production

Energy consumption and CH,
leakage during AD and RNG

cleanup

Anaerobic
Digestion

RNG
Cleanup
and

Upgrading

AD Residue
AD residue management:

- displacement of fertilizers

- carbon sequestration

Distribution

RNG )
Compression
and Pipeline
Transportation )

RNG )

Liquefaction

Light Duty
Vehicle
Operation

)
Heavy

and

Distribution )

Pipeline
Quality RNG

Duty Truck

Operation
.

A

Process
Fuel for
Industry
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Alternative fuel production scenario:
Renewable natural gas from food waste via AD

— Grid electr|C|ty/p|peI|ne NG are used to satisfy energy demand for biogas upgrading

= The biogas is upgraded and compressed to RNG
= Fuel and fertilizer displacement are important sources of energy and emissions credits

Combustion
Emission
Non-combustion CO. N o, )
Emission CH. i

Boiler

A 4

|
| )
i Electricity
CHP |—>( Electricity J 1
|
|
1% Cleanup 2" Cleanup RNG Compression CNG Vehicles
o )] venes |

m Anaerobic

-_» Digesters
|

------------ Digestat
oy

! |
| Waste Landfill 1 | |
Lo b Digestate . Dewatered Digestate| |(Class A Biosolid || ! :
C:unterfactum Scenario i Holding Tanks | " Centrifuge = Storage Tank (Soil Application)] i Fuel dISp|acement
‘ :
| Class B Biosolid
| (Landil Fertllqzer displacement

Rejected Water
) ( Carbon in Soil J

(D ENERGY, SL st tts oy . S tered Carb
A@EHE%%bi"cwmgwmﬁ | CHP: Combined Heat and Power 11 equestered Larbon Argonne &




RNG is a very attractive option for decarbonizing heavy-duty
transportation, which is hard to electrify and decarbonize.
Avoided GHG emissions and displacement credits can be significant.

g 150 Energy consumption and CH,
?& 100 leakage during AD and RNG AN
o) / cleanup RS
O 50 A
E |
e 0
S 50
€ -100
L
2 450 F
I ~
a -200 ™ AD residue management: ‘/
° 250 - displacement of fertilizers
5‘ Swine Manure Sludge - carbon sequestration Sludge Food Waste
2 CNG LNG
3
OAvoided BAU emissions/Foregone BAU credits O RNG production and upgrading
m Carbon sequestration by AD residue O Synthetic fertilizer displacement
ORNG compression/liquefaction m Fuel distribution
m Fuel combustion @ Net total
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Landfill specific parameters should be used to estimate

avoided LFG emissions
= Due to significant variations in landfill conditions and operations, setting an appropriate
BAU which diverts waste from is critically important.
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CO, emission from waste decomposition
m Collected and combusted CH, (CO, emission)
m Oxidized CO, emission

= Non-collected CH, emission

Paper Wood Food waste Yard trimmings
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GREET Aviation Module

GREET Excel Aviation Module

Jet Fuel ion Pathways: fron| , NG, Biomass and Coal —
Re_mpats RIESE ervRwWTr
1) Scenario Control and Key Input Parameters
1.1) Jet A Production
Type of Jet A 1: Conventional Petroleum Jet Fuel, 2: Utra Low-Sulfur Jet Fuel
Jet A Feedstock 1 Crude oi; 2 Hydrotreated Pyrolysis O
12) Synthetic Paraffinic Kerosene (SPK) Production
Type of SPK 2 1: Fischer-Tropsch (FT) Jet, 2 Renewable Jet (HR.), 3: Ethanok-To-Jet (ETJ), 4 Sugar-To-Jet (STJ)
1.20) FT Jet Fuel Production from NG, Biomass and Coal
Feedstock Source for FT Jet 1 North American NG, 2 — Non-North American NG, 3 — Non-North American Flared Gas
Simulation Options for Fuel Pathways 5 - Biomass, 6 — Coal, 7 CoalBiomass. 8 - NG/Biomass, 11 -- CO2 (e-fuel)
Feedstock Tatural Gas Flared Gas Bomass Cosl Y CoarBomass __ NGBomass oz
FT Jet Feedstock Share 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% Note: Plant Design Ty
Plant Design Type [} [} [} ) 0 2 0 No co-products,
Options for FTJ Plants ; 1 1 1 1 1 1 Without CCS, 2~
Percentage of CO2 to Be Captured. 0.0% 00% 0.0% 0.0%
Share of coal and biomass out of total feedstock fcr coalliomass co-feeding to Jet production
Mass Share Energy Share] [ Mass Share Energy Share]
Coal 50% 6.7% NG 0% 61.0%
Biomass. 50% 43.3% Biomass. 0% 39.0%)
and Miscanthus out of for Fischer-Tropsch Jet Production
Poplar 0.0%)
Switchgrass! 0.0%
Miscanthus 0.0%
Corn Stover! 0.0%
100.0%|
Selection of Method for Estimating Credits of Electricity Co-Product for Fuel Pathways
Feedstock G Flared Gas Biomass. Coal CoslBiomass ___ NG/Biomass | 1 - Displacement method
FT Jet Fuel 1 1 1 1 1 2 2. Btu-based Alocation

3 — Market value-based Allocation

Allocation ratio of total energy and emission burdens to main fuel product

Feedstock

ergy-based alocation

Market value-based alocation

NG Flared Gas Biomass Coal CoalBiomass __NG/Biomass
100.0% 100.0%] 100.0% 100.0% 100.0% 62.3%]
100.0% 100.0% 100.0% 100.0% 100.0% 60.0%)

[Jet Fuel

JetFuel WTP

JetFuel_PTWa

14

Combustion emissions by aircraft types are available
Can be expanded for new pathways leveraging existing structure and datasets

GREET .net Aviation Module

and Emissions.

Aircraft Type | Single Ale (SA)
Acraft Parameters (input)
Average Trip

Can evaluate SAF pathways with various feedstock/conversion combinations
Present process-level emission results to identify emission hotspots

v €9 € Fuel Type |Conventional Jt Fuel (Pathway: Convent v | | €3 | €

N GEL Gramn o gusee ou
ance
» 18230.100kg 1365.828km 4986.083kg 564.679kg 0 1
Notes: [For detais, see report by A. Eigowainy. et.el 'Lfe Cycle Analysis of Atemaive Aviation Fuels in GREET"
|http://greet es anl gov files/aviationica
Arcraft
VOC €O NOX PMI0 PM25 SOX CH4 CO2 BC  POC  CO2BI TotalCO (A
»  LTO Emissions g =M c5c2. 8357 2106 2106.. 7306 2284. 1775.. 753.. 5475. 0000.. 1785. 1
Cuise Emissions g/fkg'km)  |8631.. 6050.. 2766.. 3636.. 3636. 2486.. 0000.. '5600.. 1138.. 1102. 0.000.. 5612.. 5v
< >
Resuts
PTWa (or PFEI) [885TkM/kakm) | WTWa (3719 ki/kgkm) | Petroleum WTWa
Fossi WTWa [9.675 kJ/kg'km) | Coal WTWa [0.059 ki/kg'km) | NGwTwa [0679 ki/kakm)
NOX PMI0 PM25 SOX CHé N20 CO2 BC  POC  CO2B Tota
> PTWa Emissions o/kg'km) 3101 372.. 3721.. 280.. 9175.. 180.. 6313. 1.16. 1124.. 000.. 632
PTWa Uban Emissions o/kg'km) | 2524... 1.86.. 3356.. 845. 8457.. 317. 9175.. 1.80.. 7.131. 302.. 2199.. 000.. 7.16
WTP Enissions g/kg’km) 5594.. 815. 1256.. 807. 6852. 315. 8206. 124. 7.288.. 109.. 2035. -145.. 7.30¢
WTP Urban Emissions a/kgkm) 2180.. 105.. 1569.. 241. 2080.. 59.. 1925.. 268. 2139. 255.. 3893.. -1.88. 21%¢
WTWa Emissions g/fkg’km) 1675.. 873.. 3227. 452.. 4406. 311 8215.. 304.. 7042.. 127.. 1327.. -145. 7.06C
WTWa Utban Emissions g/kgkm) | 4704... 197.. 3513.. 325.. 2925. 377.. 2016.. 206.. 9320.. 558.. 6.092. -188.. 936
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Available Sustainable Aviation Fuel Pathways in GREET

Corn

Corn stover

Forest residue

Switchgrass

Miscanthus

Poplar
Willow
Soybean

SAF

Corn oil

Canola

HEFA / Hydroprocessed
renewable jet (HRJ)

Camelina

Carinata
Palm FFB
Jatropha
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GREET Provides the Carbon Intensities for Carbon Offsetting and
Reduction Scheme for International Aviation (CORSIA)

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

Agricultural residues [R] 7.7 -
Forestry residues [R] 23 1
MSW (0% NBC)  [w] 5.2 [l
Msw (40% NBC)  [w]  73.4 I —

Short-rotation woody crops M]  12.2 -

FT

= Argonne’s GREET was used to calculate

|
|
|
|
|
® Feedstock cultivation and collection
Herbaceous energy crops M 104 - ™ Feedstock transportation 3 I
Tow (6] 225 mrectsocouepocucion = 1 the core LCA values of SAFs for CORSIA
Used cooking oil w139 [ Fuel transportation @l
Palm fatty acid distillate i8] 207 NS o Fuel combustion %l . .
- 2 I f C b CORS
Comoil (8] 172 z! = Default LCA values available in CORSIA
< Soybeanoil  [v] 404 TS o |
w
- Rapeseed oil M 474 . £l d
Cameiva () 42 3| ocuments
Palm oil (closed pond)  (M]  37.4 [N Sl
Palmoil (openpond)  (v] 60 NN el
Brassicacarinata (M) 34.4 I 21 % [IcA0
- sugarcane (M) 32 [ =1 o, s
@ Sugarbeet  [M] 32.4 [N sl
S N | Q ICAO document
- . Ugarcane [M] 24 (o] I CORSIA Default Life Cycle Emissions Values for
2 Agricultural residues [R] 29.3 _ 43' CORSIA SUPPORTING DOCUMENT CORSIA Eligible Fuels |
3 Forestryresidues (7] 23.5 a | I -
igible Fuels — Life Cycle Assessment Methodology | S X S
3 Corngrain  [M] ss.s [N | s z §
P
8 Herbaceousenergycrops  [M] 43.4 [N | >
Molsses (] 27 | CZ'RSIA T
34
. sugarcane (M} 24.1 [N I
= |

March 2021

Corngrain (M) 657 N

0 20 40 60 80
szszszsz Dl
Core LCA values( gC0,e/MJ ) Carbon mf‘“qcf’RSmlAull Aviation
(Source: Prussi et al. 2021)

FT: Fischer-Tropsch | HEFA: hydroprocessed esters and fatty acids
7%, s, DEPARTMENT OF ' Argonne National Laboratory s a : i iso- i - . -butanol
Z)ENERGY CZBmmin s iy SIP: Synthesized iso-paraffins | Iso-BuOH: Iso-bu . Ar onneo
C} ¢ ' 1 6 ATJ: Alcohol-to-jet | ETJ: Ethanol-to-jet | NBC: non-biomass carbon g




GREET LCA Informs Policy and Regulation

CalioEiE Exirenipntt BB Misey * California-GREET is an adaptation of Argonne’s GREET model
©= Air Resources Board .

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

Frin ol DR gn

* Specified in Inflation Reduction Act related to the Clean Fuel Production
Credit and the Clean Hydrogen Credit

e 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

DRIVING RESEARCH AND INNOVATION FOR
VENICLE EFFICIENCY AND ENERGY SUSTAINABILITY

@MARAD .

U.S. Maritime Administration - renewable marine fuel options for IMO
2020 sulfur limits

Maritime Administration

ﬁ * US. I?ept. of Agriculture bioenergy LCA and carbon intensity of farming
practices
Environment and . : , .
I*I Climate Change Canada Canadian Clean Fuel Standard for Environment and Climate Change

Canada fuel pathways
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