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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.

U.S. Department of
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What Does R&D GREET Encompass?
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R&D GREET covers many groups of energy systems

Petroleum
N enewable
atural Gas -
/EFergy/Fuels
Hydrogen Electro-fuels
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R&D GREET and electric systems

Electricity generation at U.S. plant level
Aggregate to national, NERC, state, EPA eGRID, and
DOE Needs Study regional levels
Various power generation technologies with CCS, if
applicable

Natural Gas
Coal
Residual Oil
Biomass
Nuclear

Hydro
Wind
Solar
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LCA of Electricity and Electric
Infrastructure in R&D GREET
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Life cycle of electricity in R&D GREET

Emissions Emissions Emissions Emissions Emissions

Step 3ab Step 2b Step 1b
Electricity Facility Construction Material Production

Generation/Plant & Maintenance & Component
Operation Fabrication

Step 1a Step 2a
Power Fuel Power Fuel
Acquisition and Transportation

Production

Step 4ab
Electricity T&D

---- Electricity Facility Cycle
(Optional) System Boundary

---- Electricity Fuel Cycle
System Boundary

Fuel Cycle
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Step 5ab
Electricity End Use

Facility Cycle

All direct and upstream activities are included




LCA of Electricity in R&D GREET
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Electricity fuel cycle

) . Step 1a: Power Fuel Acquisition and Production
.

Coal Minin
\- c ] D Biomass Collection Solar
- Crude Recovery, Transport, Uranium Ore Mining & J
Natural Gas Recovery & - . .
. & Refining Uranium Enrichment Geothermal Recovery
L Processing
( R Step 2a: Power Fuel Transportation
Coal Transportation
\ y,
r 2" ] i Enriched Uranium [ . . J [ .
. Fuel Oil Transportation Biomass Transportation Geothermal Transportation

Step 3ab: Electricity Generation

U.S. Generation
Grid Mix

eeeeeeeeeeeeee
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Electricity generation technologies: fossil

R&D GREET covers electricity generation from various

sources and more than 30 generation technologies

Coal

Steam boiler (with or without carbon capture and sequestration
(CCS)), combined heat and power (CHP); integrated gasification
combined cycle (IGCC)

Natural Gas
Combined cycle turbine (with or without CCS), CHP; simple cycle
turbine, CHP; steam boiler, CHP; reciprocating combustion engine

Oil

Steam boiler; gas turbine; reciprocating combustion engine
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Electricity generation technologies: nuclear

R&D GREET covers electricity generation from various

sources and more than 30 generation technologies

Nuclear
* Light water reactor (LWR)
o Pressurized water reactor (PWR)
o Boiling water reactor (BWR)
* High-temperature gas reactor (HTGR)

Other Generation lll and Generation IV Reactors
Generation IV reactors contain technological
advancements for enhanced sustainability

- Generation IV Goals, Technologies and

s | greatrLans Argonne & ENERGY GIF R&D Roadmap | GIF Portal
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Electricity generation technologies: renewables

Biomass

Steam boiler; IGCC; feedstock of forest residue, switchgrass, poplar,
willow, miscanthus and more

Wind Turbine

On-shore and off-shore

Solar
Single-cSiPV and multi-cSiPV

Geothermal
Hydrothermal flash; hydrothermal binary; enhanced geothermal systems

Hydropower
Concrete gravity dam and embankment dam
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R&D GREET capabilities for LCA of electricity

Related LCA Inputs
* Source types
o Coal, gas, oil, nuclear, biomass, wind, solar, hydro,
geothermal, and more
* Generation technologies
o Boiler, turbine, with CCS, CHP, and more
* Power grid decarbonization scenarios

Energy and Environmental Metrics
Energy intensities of total, fossil (petroleum, gas, coal),
renewable (biomass, hydro, wind, solar), nuclear, water use
intensities, GHG emission intensities (total and CO,, CH,, and
N,O separately), air pollutants’ emissions intensities of VOC,
CO, NO,, PM, ., PM,,, SO,, BC, and OC
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Domestic coverage of electricity LCA in R&D GREET

U.S. National Average

NPCC (6)

NPCC

Emissions & Generation Resource Integrated
Database (EPA eGRID) regions

DOE Needs Study regions

States in the United States

. Ry FRCC (3)
°o TRE (10) J¥ FR
5 .
ASCC(2) Y A &
v HICCQ HICC (4)

North American Electric Reliability - NERC 2022
Corporation (NERC) regions

................

& W Argone®  ENERGY


https://www.bing.com/ck/a?!&&p=e4e94cdc0502e1b6a6f45b94b1272d8c6c95b3031dfd32bbc3bd8ed64ecdb25fJmltdHM9MTczMzM1NjgwMA&ptn=3&ver=2&hsh=4&fclid=044fe5ca-0ffd-60c8-297a-f1020e92612d&psq=nerc+2022&u=a1aHR0cHM6Ly93d3cubmVyYy5jb20vcGEvUkFQQS9yYS9SZWxpYWJpbGl0eSUyMEFzc2Vzc21lbnRzJTIwREwvTkVSQ19TUkFfMjAyMi5wZGY&ntb=1
https://www.bing.com/ck/a?!&&p=e4e94cdc0502e1b6a6f45b94b1272d8c6c95b3031dfd32bbc3bd8ed64ecdb25fJmltdHM9MTczMzM1NjgwMA&ptn=3&ver=2&hsh=4&fclid=044fe5ca-0ffd-60c8-297a-f1020e92612d&psq=nerc+2022&u=a1aHR0cHM6Ly93d3cubmVyYy5jb20vcGEvUkFQQS9yYS9SZWxpYWJpbGl0eSUyMEFzc2Vzc21lbnRzJTIwREwvTkVSQ19TUkFfMjAyMi5wZGY&ntb=1

&

supply chains in R&D GREET

&

International and domestic coverage of electricity LCAin

30+ Countries

 North America: Canada, Jamaica, Mexico

* Asia: China, Japan, Korea, Singapore,
Indonesia, Bahrain, UAE, India, Kazakhstan,
Papua New Guinea, Philipines

* Europe: Finland, Norway, Russia, France,
Germany, Poland, Ukraine

» South America: Brazil, Chile, Argentina,
Venezuela

* Africa: South Africa, Congo

* Oceania: Australia, New Caledonia

e S Argonne & ENERGY

Supply Chain-specific Results
Europe, China, Japan, and Korea mixes
for aluminum production

Congo mix for cobalt production

Chile mix for lithium production
Alberta mix for Canadian oil sand
recovery

and more
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Data Sources for R&D GREET
Electricity LCA
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Data sources for R&D GREET electricity LCA:
U.S. plant operation

Thermal Efficiencies

Unit-level performance data (EIA 923 and 860)
Aggregated to technology, regional, and national levels

GHG Emission Factors

CH, and N,O GHG reporting rule (EPA 2009)
CO, fuel’s carbon content and carbon balance

Criteria Air Pollutants (CAP)
Plant-level emissions (EPA NEI 2017, EIA, and e-GRID)

Water Use
EIA and USGS’s plant-level data
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Data sources for R&D GREET electricity LCA: CAP EF

Top-down approach is used for estimating CAP emission factors (EF)

. quel,technology Emission

EF

quel,technology Elec—gen

U.S. Energy Information Administration (EIA) 923
Facility-level net power generation, primary fuel, and primary combustion technology

EPA’s Clean Air Market’s Division (CAMD)
Facility-level CO, and NO, and SO, emission data for the power plants reporting to CAMD programs

National Emissions Inventory (NEI)
Facility-level pollutant emissions
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Data sources for R&D GREET electricity LCA:
transmission losses

U.S. Transmission Losses
EIA electricity profiles

Other Country Transmission Losses
World Bank Database

€ [Fsnee Agomned ENERGY



Data sources for R&D GREET electricity LCA:
electricity generation mixes

Unit-level Generation Data (EIA 923)
Aggregated to technology, regional, and national levels

U.S. Future Projections
NREL’s Standard Scenarios & EIA’s Annual Energy Outlook

Other Countries Future Projections
Informational Energy Agency’s (IEA) electricity information
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Data sources for R&D GREET electricity LCA:
upstream

Plant fuels are linked to their upstream

production pathways in R&D GREET

* Coal: coal mining, cleaning, and transportation

* Gas: natural gas recovery, processing, and transportation

* Oil: crude recovery, transportation, refining, and fuel oil
transportation

* Biomass: farming, harvesting, and transportation

* Nuclear: uranium mining, yellowcake conversion,
enrichment, and fuel rod fabrication
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Life Cycle Emissions of Electricity
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Well-to-wheels GHG emissions in R&D GREET

2022 U.S. Electricity GHG Intensity e § 0 B o %00
90% 450
Mix: gas 39%, coal 21%, nuclear 19%, renewable 21% » q o Others
440 g CO,e/kWh at the wall outlet g 1 mE o
g 60% 3oo§ m Geo
e o ° e, ® ° g o 2 s Hydro
Electricity GHG intensities are low in the s 2 m-Biomass
§ 40% - : 200 g s Nuclear
east and west coast and high in the § L E mmoi
(0] Gas
mountain and central U.S. 20% . WS m=ced
10% 50
. . B B s -
: A - ‘ 2022 2025 2030 2035 2040 2045 2050
Note: this figure was generated for illustrative purposes. As - R&D GREET

R&D GREET is updated, the values could change

U.S. electricity GHGs will continue to decrease

overtime (EIAAEO2023 reference)

- NERC 2022
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https://greet.anl.gov/greet_excel_model.models
https://greet.anl.gov/greet_excel_model.models
https://www.bing.com/ck/a?!&&p=e4e94cdc0502e1b6a6f45b94b1272d8c6c95b3031dfd32bbc3bd8ed64ecdb25fJmltdHM9MTczMzM1NjgwMA&ptn=3&ver=2&hsh=4&fclid=044fe5ca-0ffd-60c8-297a-f1020e92612d&psq=nerc+2022&u=a1aHR0cHM6Ly93d3cubmVyYy5jb20vcGEvUkFQQS9yYS9SZWxpYWJpbGl0eSUyMEFzc2Vzc21lbnRzJTIwREwvTkVSQ19TUkFfMjAyMi5wZGY&ntb=1
https://www.bing.com/ck/a?!&&p=e4e94cdc0502e1b6a6f45b94b1272d8c6c95b3031dfd32bbc3bd8ed64ecdb25fJmltdHM9MTczMzM1NjgwMA&ptn=3&ver=2&hsh=4&fclid=044fe5ca-0ffd-60c8-297a-f1020e92612d&psq=nerc+2022&u=a1aHR0cHM6Ly93d3cubmVyYy5jb20vcGEvUkFQQS9yYS9SZWxpYWJpbGl0eSUyMEFzc2Vzc21lbnRzJTIwREwvTkVSQ19TUkFfMjAyMi5wZGY&ntb=1

Electricity Tabs in R&D GREET
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LCA of Electric Infrastructure in
R&D GREET
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Electricity facility cycle

Emissions Emissions Emissions Emissions Emissions Emissions

Process 1 Process 2 Process 3 Process 4 Process 5 Process 5
Raw Material Raw Material Material Material Component Facility

Acquisition Transportation § Production Transportation Fabrication Construction

Facility Types
Coal-fired power facilities, gas-fired power facilities, oil-fired power facilities, nuclear power facilities, biomass-fired power
facilities, geothermal stations, hydropower dams, solar photovoltaic (PV) systems, and wind turbines

-- Life Cycle System Boundary
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Electric infrastructure technologies
Fossil
Coal, natural gas, and oil
Nuclear

Renewables
Wind, solar, hydropower, geothermal,
and biomass
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Facility cycle of solar in R&D GREET

Including plant embodied emissions has significant impact on the emission

estimate for renewable power technologies

From production of polysilicon, silicon wafer, PV cells, PV panels, to installed PV systems

* China dominates the global silicon supply chain, followed by other Asia-Pacific and European countries

e U.S. plays a limited role in the upstream and midstream supply chain of solar PV

Consider regionalized electricity
mixes and material production

Consider regionalized solar irradiance,
mounting/installation type, PV system
lifespan, system performance ratio
(PR) and its degradation over time, PV
conversion efficiency, and more

€ [Fsnee Agomned ENERGY

Polysilicon - Silicon Wafers -

Polysilicon CN(63%)

Polysilicon EU(9%)

Polysilicon APAC(19%)

. =Polysilicon ROW(1%)

Polysilicon US(7%)

Water CN(82%)

Wafer EU(0.1%)

Water APAC(18%)

Wafer ROW(0.05%)

PV Cells = PV Panels

Cell US(7%)

I(‘c“ (N( 17° o) PllnCl_llS(}DOQ"b)

Pancl CN(5%)

Cell APAC(76%)
Panel APAC(64%)

- PV System

PV system US(100%)

- Gan et al., 2023, Environmental Research Letters

Panel ROW(1%)



https://iopscience.iop.org/article/10.1088/1748-9326/acf50d/meta
https://iopscience.iop.org/article/10.1088/1748-9326/acf50d/meta

Facility cycle of wind turbines in R&D GREET

Embodied emissions in wind turbines depend on the type of turbine, model of

turbine, and installation location

Installation Location

* On-shore

* Off-shore

o Shallow water (bottom
fixed foundation)

o Deep water (floating
foundation)

0 LUNITEDISTATES
S OF AMERICA
N " ——

- Global Wind Atlas | Technical University of Denmark
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https://globalwindatlas.info/map

Life Cycle Emissions of Electricity and
Electric Infrastructure
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Full life cycle GHG emissions with facility cycle

Including plant embodied emissions has significant impact on the emission

estimate for renewable power technologies

Thermal power plants (coal, gas, By power generation technology

oil, and biomass) results are
dominated by GHG emissions from
plant operation and plant fuel "
production stages it

1400
: 100

u Plant operation

u Fuel production 80

m Plant cycle 60

40 I I I
I I I . - - 4 B N
= : E
B T
erma iomass Solar PV Nind ydro Nuclear
w O
O w
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=
L
3
o
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1200

1000

400

Renewable power facilities have
higher facility cycle GHG emissions
than fossil-fired and nuclear plants

M

Boiler

ce I
cc NN
Boiler cHP [
sccir [
cccqr [
ccwees [N
Flash [ ash
GS
P~ 13\
= Bolle
cc i IGCC
& Multi-cSi
cSnI 2 Single-cSi
= fshore
1shore
z  CGdam
Emb. dam
PWR
-
HTGR

Multi-cSi i

Single-cSi

12
Geothermal Biomass SolarPV Wind

Hydro

Note: this figure was generated for illustrative purposes. - R&D GREET
s ‘ GREAT PLAINS  Argonne S ENiﬁGY As R&D GREET is updated, the values could change
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https://greet.anl.gov/greet_excel_model.models
https://greet.anl.gov/greet_excel_model.models

Full life cycle GHG emissions with facility cycle

Facility cycle emissions depend on facility types, designs, models, and locations

Source Breakdowns of Embodied GHG Emissions in Plant Cycles Embodied GHG (g CO,e/kWh)

=
§ Fagade (441
> @ Slanted roof [ 313 |
¢ = Flat roof - R&D GREET (305 ]
§ s Open ground | 37.6 |
s Slanted roof 309 |
E Flat roof | 30.0 |
£ G87, 2MW Note: this X —
2 V82, 1.65 MW . [8.0
e & V136, 42MW figure was 64
] Shallow water, bottom-fixed (125 |
= o Deepwater,Umaine Semi-S floating generated for (242 ]
2 S Deepwater, Umaine Spar floating (162 ]
> 2 Deep water, SWAY floating illustrative
o Deep water, Umaine TLP floating 1141
Deep water, MIT TLB pu rposeS. AS [ 9.0 |
E
a Concrete gravity dam 1
: gl iy i R&D GREET is -
- updated, the = Aluminum
E Pressurized water reactor (PWR) |03 Copper
® 0 Boiling water reactor (BWR) |03
§ = Advanced BWR (ABWR) va lu €s cou ld o4 " E'Znsg::ete
s £ Evolutionary PWR (EPR) o4
g O Economic simplified BWR (ESBWR) change | 0.3 g':‘;s -
£ = GT modular helium (GT-MHR) o HPee
3 Advanced high temperature (AHTR) | 0.2 = Construction/Operation/Maintenance

80% 90% 100%

10 20 30 40

Per kWh GHG Emissions
Solar PV > wind turbine > hydro dam > nuclear plants
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https://greet.anl.gov/greet_excel_model.models
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Electric Infrastructure Tabs
in R&D GREET
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Electric infrastructure tabs in R&D GREET 1

Some Secondary |

Inputs
Primary Results
Electric Fuel_Specs
ElecInfra EF
OilGasCoallnfra T&D

T&D Flowcharts
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Electric infrastructure tabs in R&D GREET 2

Primary
Wind_Turbine
Solar_PV

Some Secondary
TEC Results
MHDV TEC Results

Hydropower
Nuclear Power
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Questions?
hcai@anl.gov

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

Contributors
Gabrielle Olson, Branden Leonhardt, Zifeng Lu,
Longwen Ou, and Hao Cai
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