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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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Hydrogen Sector

Today, more than 10 million metric tons of hydrogen
are produced in the U.S. per year

Most of the hydrogen is produced from steam
methane reforming (SMR) of fossil natural gas (NG)
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What Does R&D GREET Encompass?

4 US. Department of
S NeHaE™e Argonne®  ENZRGY



R&D GREET covers many groups of energy systems

Petroleum Electric Systems
Renewable
Natural Gas Energy/Fuels

Hydrogen Electro-fuels

And More




R&D GREET in the hydrogen economy

Gaseous hydrogen
Liquid hydrogen
With carbon capture and sequestration
(CCS), if applicable

Natural Gas
Biomass

Coal
Petroleum Coke

Coke Oven Gas
Electrolysis with Electricity
Nuclear Energy
and More
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Available hydrogen production pathways in R&D GREET

Electrolysis Natural Gas Reforming Co-product

* Low-temperature e Steam methane * Biomass * Chlor-alkali
electrolysis: proton reforming (SMR) o Poplar, Willow, e Steam cracker
exchange membrane o Natural Gas and Switchgrass, Corn

Renewable Natural Gas Stover, Forest Residue,
(PEM) _
5 CCS =il and Miscanthus
o U.S. Mix, Regional Mix, e Coal
Wind, Solar PV, * Autothermal S et
Hydroelectric, and reforming 0 avaltabie
Nuclear LWR o Natural Gas and * Petcoke Biological
* High-temperature Renewable Natural Gas o CCSavailable
o CCSavailable Coke oven gas . Eermentation

electrolysis: solid
oxide electrolyzer

cell (SOEC)
o Nuclear LWR

and More
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LCA of Hydrogen in R&D GREET
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System boundaries of hydrogen production in R&D GREET

Well-to-wheel (WTW)

Well-to-pump (WTP)
Well-to-gate (WTG) ----System Boundary

Emissions Emissions Emissions Emissions Emissions Emissions

r—_—_ _______________ r

Feedstock

_— —_— _— —_— - _ — _— —_— _— —_— _— —_— _— —_— - - _— —_— _— —_— _—

Transportation &
Distribution

Liquefaction

Preparation &
Transportation

Ay,

H,

y——4
Feedstoc

H, Production

S

Liquefied H,

—I_

Fuel Consumption Refueling Vehicle

Gaseous H, Operation
Energy

Transportation &

Production &

Compression

Distribution

Transmission

Emissions Emissions
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System boundary of hydrogen production in R&D GREET

Hydrogen is used in many pathways in R&D GREET as

both a fuel and a feedstock

Carbon Intensity
The carbon intensity of H, at each stage
(WTG, WTP, and WTW) can be easily determined

Hydrogen Phase
R&D GREET includes modeling for both liquid and
gaseous hydrogen
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WTG life cycle of hydrogen: NG & RNG reforming w/ and w/o CCS

Conventional/
Shale Gas Drilling

Natural Gas (NG)

&Recovery Processing

: Avoided
| GHG Emissions
l
|

|
Landfilling
|

Municipal Solid
Waste (MSW)

Anaerobic

Digestion

NG
Compression

-=- Counterfactual

Scenario

Renewable

Natural Gas

Carbon Capture and
Sequestration (CCS)

1

CO, Emissions CO, Emissions

from Reformers

from Combustion

NG Natural Gas
Transportation & =\ Steam Methane &
Distribution Reforming (SMR)

Steam
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WTG life cycle of hydrogen: gasification w/and w/o CCS

Biomass

Production &
Sourcing

Coal Mining and
, Coal
Processing

Carbon Capture and
Sequestration (CCS)

CO, Emissions CO, Emissions

from Combustion from Reformers

Coal and/or

, _ Coal/Biomass
Biomass Biomass

Gasification

Transportation

Types of Biomass
Willow
Poplar

Switchgrass
Corn Stover
Forest Residue
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WTG life cycle of hydrogen: water electrolysis

. Coal
Coal Mining
Transport Steam
: NG
NG Recovery NG Processing e (b
Transmission
Crude Crude Residual Oil Electricity

Boiler

Crude Refining

Recovery Transport Transport

High-temperature @

Electrolysis
Optional Co-
product O,

Low-temperature @
Electrolysis

Turbine

Biomass Biomass
Collection Transport

Combined Cycle Turbine
Coal
Nuclear

Uranium Ore Uranium Enriched Uranium
Mining Enrichment Transport

®

Electricity

Geothermal Geothermal
Recovery Transport

Renewable Energy C;
Key Upstream Emission Sources Generation B

Electricity

Electricity Generation H, Production
P and T&D
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Natural Gas Reforming, Gasification, and
Electrolysis

Fuel Phase
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Natural gas reforming

Step 1
Apply high-temperature steam to natural gas
(which contains methane) in the presence of
a catalyst

Methane Hydrogen
CH4 3 HZ\

Carbon
Monoxide

CO

& srearrans Agomned  ENERGY

Step 2
The carbon monoxide and the steam react
over a catalyst in a water-gas shift reactor to
produce more hydrogen

Carbon Hvd Carbon
Monoxide yarogen Dioxide

CO H,. CO,

- Hydrogen Production: Natural Gas Reforming | Department
of Energy



https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming
https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming

Gasification

Gasification includes a variety of reactions including the following

Pyrolysis Gasification with Oxygen
High temperatures break down chemical bonds and produce a char C +1/20, «— CO
Combustion with Oxygen
C + 0, «e— (O,

Gasification with Carbon Dioxide

. Coal
Combustion

Products of pyrolysis react with oxygen to form CO, and CO
Oxygen

C + CO, «— 2CO

Gasification with Steam

C + H.ZO<_)CO+HZ

Gasification with Hydrogen

Gasification

Remaining char reacts with CO, and steam to produce CO and H,
Steam

Water-gas-shift and Methanation
Additional reversible gas phase reactions C + 2H, «—— CH,

- 5.1.2. Reactions & Transformations | Department of Energy
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https://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/reaction-transformations
https://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/reaction-transformations

Electrolysis

Electrolysis: splitting water in an electrolyzer

Electrolyzers have a cathode and an anode separated by an electrolyte

+
H
D

CD
+ -8 '8
O <

\ /

\/

2 H2 - Hydrogen Production: Electrolysis |
Department of Energy
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https://www.energy.gov/eere/fuelcells/hydrogen-production-electrolysis
https://www.energy.gov/eere/fuelcells/hydrogen-production-electrolysis

&

&

PEM electrolyzers

PEM: polymer electrolyte membrane

Electrolyte
A solid specialty plastic material

Anode
Water reacts to form oxygen and protons (H*)

Movement
H* move across the PEM to the cathode while electrons
move along the external circuit

Cathode
H* combine with electrons to form hydrogen gas

Nermure s Agomne S ENERGY




Solid oxide electrolyzers

Electrolyte
A solid ceramic material

Cathode
Steam combines with the electrons from the external
circuit and creates hydrogen gas and negatively charged
oxygen ions

Movement
Oxygen ions pass through the electrolyte

Anode
Oxygen ions react to form oxygen gas
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Well-to-Gate (WTG) GHG Emissions

& WEhen Agonned  ENERGY



Well-to-gate (WTG) GHG emissions in R&D GREET

SMR No CCS assumes a
credit for co-produced
steam

e I
WTG GHG Emissions for

\Varlous Hydrogen Pathways )

SMR w/ CCS does not
assume a credit for co-

2
3
&
5
=
:
£ produced steam
&

8

Biomass =
Willow

Renewable =
Solar or Wind power

Note: this figure was generated for
illustrative purposes. As R&D GREET is

s ‘ GREAT PLAINS  Argonne & EN:RGY - R&D GREET 2023 updated, the values could change
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https://greet.anl.gov
https://greet.anl.gov

Hydrogen Packaging, T&D, and Fueling

Transportation and Distribution
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Hydrogen packaging in R&D GREET

R&D GREET accounts for energy

Markets Delivery Cos-t

- U \
(all U.S. cities > 50K population) — = : ' .
| ,’ . :‘ A . 'j GED .‘ b5t ; <
;i‘ = \ 7o, ] ‘ ¥ \ [roapial Operatin

Delivery & Refueling/Charging
Components
Scenario I Definition _ : : MJ‘““}! Model ‘Output
[ ] o [ ] [ ] - 2 '
and emissions associated with
hydrogen packaging

Energy &

Levelized Cost

R&D GREET is consistent with e D\

Delivery Modes

Argonne’s hydrogen delivery w | =
method (HDSAM) Z

. < . Cash Flow
Financial/Economic

nputs and Assumptions/ /

- Hydrogen Delivery Scenario Analysis Model (HDSAM) |
Argonne National Laboratory
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https://hdsam.es.anl.gov/index.php?content=hdsam
https://hdsam.es.anl.gov/index.php?content=hdsam
https://hdsam.es.anl.gov/index.php?content=hdsam

Hydrogen T&D and fueling in R&D GREET

R&D GREET includes gaseous and liquid delivery pathways
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Cascade Compressed

Gaseous Terminal Compressor pes

Tube-Trailer
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o Rl o,

Liquid Truck

Cryo- High-Pressure
Compressed Cryo-Pump
Dispenser

Gaseous Hydrogen Pathway Fueling Station
R&D GREET default: tube trailer

Cryogenic
Storage

Liquid Hydrogen Pathway
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https://hdsam.es.anl.gov/index.php?content=hdsam
https://hdsam.es.anl.gov/index.php?content=hdsam

Well-to-Wheel (WTW) GHG Emissions
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Well-to-wheel (WTW) GHG emissions in R&D GREET

R&D GREET evaluates WTW and vehicle manufacturing GHG emissions,
including hydrogen pathways and fuel cell vehicles (FCVs)

WTW GHG Emissions per MJ of Fuel Vehicle Production GHG Emissions

a0
52 N Fluids
N Batteries
27
I 13 B Asmbly/Disp/Rec
0
f l W H: Storage

Vehicle Operation (FTW)

Electronic Controller

=
=
[
Q
¥
-
W
=
=]
il
-
=
Lad
U]
=
(G

B Motor/Generator

Feedstock and Fuel Production (WTP)

B Total (Net WTW) Transmission

GHG Emissions (MT CO,e/vehicle lifetime)

Powertrain

Chassis

Gasoline
Caorn EBS

Body

H; from LFG
Gasoline

Corn Stover EBS

US Elec. Mix

CA Elec, Mix
Renewable Elec. Mix
H; from NG

H: from Renewable

Forest Residue pyrolysis
ICE Gasoline
ICE Diesel
PHEWS0
ICE Gasoline
ICE Diesel

H; (60% NG, 40% Renewable)
H: [50% NG, 50% Renewable)

CURRENT FUTURE

S, Doerrent o - Elgowainy et al., 2021, Department of Energy EERE Record
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https://www.hydrogen.energy.gov/pdfs/21003-life-cycle-ghg-emissions-small-suvs.pdf
https://www.hydrogen.energy.gov/pdfs/21003-life-cycle-ghg-emissions-small-suvs.pdf

Cradle-to-grave (C2G) GHG emissions in R&D GREET

-150

FCEV Renewable Electrolysis

FCEV (50% MG / 50% Renewable)

FCEV NG 163 | mVehCycle mWTP _ PTW M Total

BEWV300 Renewable Mix
BEV300 CA Mix
BEV300 US Mix

R&D GREET combines WTW

and vehicle cycle GHG R

ICE Corn Stover ESB5

emissions into cradle-to-grave

ICE Gasoline

(C2G) emissions for alternative

FCEV (60% NG/ 40% Renewable)

fuels and vehicle systems

BEV300 US Mix

PHEVS0 Gasoline & US Mix

CURRENT

HEV Gasoline

ICE Corn EBS

ICE Diesel

ICE Gasoline

=150 -100

s ‘ ﬁqnsﬁ-ﬂup-r?ms Argonneo EN:RGY - Elgowainy et al., 2021, Department of Energy EERE Record


https://www.hydrogen.energy.gov/pdfs/21003-life-cycle-ghg-emissions-small-suvs.pdf
https://www.hydrogen.energy.gov/pdfs/21003-life-cycle-ghg-emissions-small-suvs.pdf

Hydrogen as a feedstock

Hydrogen is used as a feedstock in several

other pathways in R&D GREET

Renewable ammonia
E-fuels
Methanol
Green steel production
and more
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Ammonia, FT-Fuels, and Methanol
Production
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Ammonia production in R&D GREET

Ammonia production Aspen process modeling

' Primary/Secondary SMR | Water-Gas Shift || CO,Removal
' CH,+H,0>CO+3H, st ! CO+H,0 | (Cansav) |
CO +H,0 > CO, +H, ! 5C0,+H, 5 M

Black box
NG Fuel — l
< Flue !
N, ” |

.-’ v/ L

Purge & i ¢ Gas
Flash Gas from — :

Haber-Bosch Combustion

™

- Alr
Boiler _ _ _

Process

' NG
. Feed

Process
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https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth
https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth

Ammonia production in R&D GREET

Ammonia GHG emissions depend strongly on the source of

hydrogen

WTG GHG Emissions

H,, N, Production Upstream Emissions for NG Use

3.0 2.60 H,, N, Production Upstream Emissions for Electricity Use
" gﬂ' 2.0 H,, N, Production Onsite Emissions
E T R $BEEETETE D - HB Loop Upstream Emissions for Electricity Use
n e 1.0 /
g ~ <0.01 0.00 Boiler Flue Gas Onsite Emissions
W 0.0 | - P
. l 5 T
2 S NG-based C-capturing Ccapturing | Nuclear-powered Renewable fDIEfa:tt'j"_E aﬂd Compression Upstream Emissions
©L 10 NH, NH, v1 NH, v2 | NH;using NH, using or Electricity Use
~ ! SOA HTE SOA LTE CO, Transport Upstream Emissions for Electricity Use
'2-0 - e eo» e e e Ea» Ea» EaP G a» - - " "
Reformer only Reformer and Captured Onsite CO, Emissions
CO, capture combustion Net WTG GHG Emissions
CQO, capture

- Lee et al., 2022, Green Chemistry

U.S. Department of
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Fischer-tropsch fuels in R&D GREET

Carbon
Dioxide
CcoO,

FT fuels can be
synthesized by using
carbon dioxide and

hydrogen via a water-
gas shift reaction

(RWGS) and FT

reaction

IN STITUTE NATIONAL LABORATORY
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Hydrogen

FT Fuels

FT fuel production process simulated in Aspen Plus

i Industrial/power plant

Water ' H

: NE electricity

| I . |

Electrolysis

U.S. Department of

=rRGY

Al H2 and CO2 compressim;-r A2 RWGS reaction AS Heat supply and CO:2 recycle

e ™

H> compressor |

A6 Utility

Energy balance

Water balance
H-0

~0O2/H20

Diesel Cis-Cis

Distillation
_ J & separators

Wastewater . A4 Hydro-processing

- Zang et al., 2022, Argonne National Laboratory



https://www.osti.gov/biblio/1868524
https://www.osti.gov/biblio/1868524

Fischer-tropsch fuels in R&D GREET
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https://www.osti.gov/biblio/1868524
https://www.osti.gov/biblio/1868524

Methanolin R&D GREET

Carbon
Hydrogen Methanol

Dioxide o0

CO,

Raw material extraction Feedstock transportation Fuel production Fuel delivery

Methanol can be
synthesized by using
carbon dioxide and i

hydrogen via a RWGS and e

Solar/wind/nuclear | . ' Wastewater

o o s s it S o ) o - ot o S Y& S O S S S S SIS S S A S oo S Sens b o]

e == e - e

. 1 Water - o ' § Flue gas recycle [ ] L

methanol reaction | . Hacompresr | o e | R Moo _
| Electricity A5 Utility is =l ) | TamY | j i <
| -~ artor | -

! | Energy balance Z
- Zang et al., 2021, Environmental Science & K oy ) , : 1 i A Distillation 8
| : ‘ater balance = g

Technology : Electrolysis T — g
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@)

oo
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https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c08237&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c08237&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c08237&ref=pdf
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Methanol in R&D GREET

Methanol GHG emissions depend strongly on the source of hydrogen

GREAT PLAINS
INSTITUTE

Ammonia- NG

Methanol- NG

Diesel- petroleum

Gasoline BOB- petroleum

Gasoline E10- petroleum

E-methanol- nuclear H> and ammonia CO:
E-methanol- solar/wind H: and ammonia CO:
E-methanol- renewable electricity and ammonia CO:
Ethanol- com grain dry milling

E-methanol- market allocation and ammonia CO:
E-methanol- nuclear H: and ethanol CO:
E-methanol- solar/wind H: and ethanol CO:
E-methanol- renewable electricity and ethanol CO:
E-methanol- market allocation and ethanol CO:
E-methanol- nuclear H> and market CO:
E-methanol- solar/wind H> and market CO:
E-methanol- renewable electricity and market CO-

U.S. Department of

Argonne S  ENERGY

C2G GHG Emissions

] Reference

Methanol products
B Methanol-ethanol co-products
' Methanol-ammonia co-products

60 80 100 120
Cradle-to-grave GHG emissions (g CO,-eq./MJ)

- Zang et al., 2021, Environmental Science & Technology




Steel decarbonization in R&D GREET

R&D GREET evaluates steel decarbonization technology options

M [ron ore mining m Pelletizing DRI production

m EAF (Scrap) ®EAF (DRI) BF-BOF=blast furnace-basic oxygen furnace

EAF=electric arc furnace

[a—
=N
-]
[

DRI=direct reduction of iron

RNG=renewable natural gas
WTG=well-to-gate

~
-]
2)
oo
&
|
n
=Y

CO2 emissions (kg/MT steel)

- R&D GREET 2023

Note: this figure was generated for illustrative
purposes. As R&D GREET is updated, the values
could change

(100% NG)

( 83% Hz-nuclear)

(83% Ha-solar/wind)
Electricity
(nuclear)

[
]
[y

Electricity
(solar/wind)

(100% scrap) |
MIDREX EAF

MIDREX EAF

MIDREX EAF

’----.--

U.S. Department of
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https://greet.anl.gov
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R&D GREET capabilities for LCA of hydrogen

Feedstock Types
PEM electrolysis, solid oxide electrolysis, SMR, auto thermal reforming,
methane pyrolysis, biomass gasification, and coal gasification

Refining Products
Hydrogen fuel, ammonia, e-fuels, ethanol, direct reduced iron (DRI),
steel, methanol, SAF, rare earth oxides, LPG, propane, butane, asphalt,
propylene, diesel, residual oil, gasoline, PLA, HDPE, algae oil, nickel
refining, and monocrystalline silicon

Energy and Environmental Metrics
Energy intensities of total, fossil (petroleum, gas, coal), water use
intensities, GHG emission intensities (total and CO,, CH,, and N,0O
separately), air pollutants’ emissions intensities of VOC, CO, NO,, PM, .,
PM,,, SO,, BC, and OC
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Hydrogen tabs in R&D GREET 1

Primary Inputs
Hydrogen Results
Fuel Prod TS
Some Secondary Fuel_Specs
Ag_lInputs Electricity
Petroleum Car_TS
EtOH Vehicles
MeOH Tractor WTW
E-fuels Rail PTW
Algae EF
PUP Conversion T&D
Plastics T&D Flowcharts
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Hydrogen tabs in R&D GREET 2

Primary

Silicon Some Secondary
Rare Earth TEC_Results
Steel MHDV_TEC_Results
Nickel
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Questions?
hcai@anl.gov

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

Contributors
Gabrielle Olson, Branden Leonhardt, Pradeep
Vyawahare, Clarence Ng, and Hao Cai
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