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Today, ~ 10M metric tons (1.5 Quad Btu) of hydrogen are produced in the U.S. 
annually, mainly from steam methane reforming of natural gas

 Currently, >90% of hydrogen production is for industrial use
 Hydrogen is mainly produced next to industrial use
 1600 mi of transmission pipelines, mainly in the gulf



H2@Scale: current and potential future value chain

 Most of the projected increase in hydrogen liftoff is in 
industrial use 

https://liftoff.energy.gov/clean-hydrogen/



The R&D GREET® (Greenhouse gases, Regulated Emissions, and 
Energy use in Technologies) model

 With DOE support, Argonne has been developing the R&D GREET life cycle 
analysis (LCA) model since 1995 with annual updates and expansions

 It is available for free download and use at greet.es.anl.gov

 >60,000 registered users globally including automotive/energy industries and 
government agencies

R&D GREET 1 model: 
Fuel-cycle (or well-to-wheels) modeling of vehicle/fuel systems
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R&D GREET includes a suite 
of models and tools

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

 R&D GREET coverage
 R&D GREET1: fuel cycle (or WTW) model of 

energy systems
 R&D GREET2: vehicle manufacturing cycle and 

material embodied emissions
 Modeling platform

 Excel
 .net

 Other GREET derivatives
 45VH2-GREET for IRA based on GREET1
 40BSAF-GREET for IRA based on GREET1
 ICAO-GREET by ANL, based on GREET1
 CA-GREET by CARB, based on GREET1
 China-GREET and MENA-GREET by ANL, with 

support of Aramco
 AFLEET by ANL: alternative-fuel vehicles 

energy, emissions, and cost estimation
 EverBatt by ANL: cost modeling of 

remanufacturing and recycling of EV batteries

GREET use by agency
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Production tax credits under IRAUnited States 
Government



R&D GREET sustainability metrics include energy use, criteria air 
pollutants, GHG, and water consumption
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Energy use

• Total energy: fossil 
energy and renewable 
energy

• Fossil energy: 
petroleum, natural gas, 
and coal

• Non-fossil energy: 
biomass, nuclear energy, 
hydro-power, wind 
power, and solar energy

Air pollutants

• VOC, CO, NOx, PM10, 
PM2.5, and SOx

• Estimated separately 
for total and urban (a 
subset of the total) 
emissions

Greenhouse 
gases

• CO2, CH4, N2O, 
others

• CO2e of the five 
(with their global 
warming potentials)

Water 
consumption

• Addressing water 
supply and demand 
(energy-water 
nexus)

Regional/seasonal 
water stress impacts

Global warming 
impacts

Air quality, human health 
and environmental 

justice

Resource availability and 
energy security
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• Natural gas (SMR, 
ATR, pyrolysis)

• Renewable natural gas
• Biomass 
• Coal (CCS)
• Electricity (solar, wind, 

nuclear, grid, etc.)

Hydrogen: 
gaseous/liquid

Hydrogen via low-C 
electricity:
•Wind
•Solar
•Nuclear

CO2 Sources
•Biogenic
•Point sources
•Direct air capture

Synthetic hydrocarbons
•Methanol
•Gasoline
•Diesel
•Jet fuel

+

R&D GREET covers current and emerging H2 technologies and 
applications

Ammonia
Hydrocarbon based
1) Steam Methane Reforming (NG SMR): w CCS & w/o CCS
2) SMR using renewable natural gas (RNG)
3) Autothermal Reforming (NG ATR): using NG & RNG
4) Methane Pyrolysis: using NG & RNG
5) Coal Gasification: w CCS & w/o CCS
6) Biomass Gasification
7) Pet coke gasification
8) Dark Fermentation and MEC
9) Coke Oven Gas
10) Methanol and ethanol reforming
Electrolysis based
1) Low Temperature Electrolysis using PEM and alkaline
2) High Temperature Electrolysis using SOEC
3) Electrolysis HTGR
4) Thermochemical Cracking of Water
Byproduct H2
• From NGL Steam Crackers
• From Chlorine plants

R&D GREET 2023 was released Dec. 2023



LCA of H2 production via methane (CH4) reforming
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Conventional Gas 
Drilling & Recovery

NG
Processing

NG
Processing

Shale Gas 
Drilling & Recovery

NG Compression 

NG Compression 

NG SMR or ATR Plant

NG Transportation H2

CCS

CO2

Landfilling

Avoided GHG emissions 
from landfilled MSW

Anerobic 
Digestion RNG

MSW

CO2

combustion reformation

MSW = municipal solid waste
NG = natural gas
RNG = renewable NG
SMR = steam methane reforming
ATR = auto-thermal reforming

Steam-methane reforming reaction
CH4 + H2O → CO + 3H2
Water-gas shift reaction
CO + H2O → CO2 + H2



ANL evaluates studies of methane leakage of NG supply chains for GREET
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Upstream CH4 Emissions by Stage for GREET
EPA GHGI
Hybrid

Sector CH4 Emissions: Gross Volumetric Leakage (Percent)

EPA-
GHGI 5 
yr avg 
(2011)

NOAA-DJ 
Basin 
(2012)

EPA-
GHGI 
2011 
data 

(2013)

Stanford-
US 

(2014)

CSU/ 
WSU 

studies 
(2015)

NETL- 
2012 
data 

(2017)

Alvarez 
EDF-US 

2015 
data 

(2018)

Barkley- 
Marcellus 

(2019)

Howarth- 
US Shale 

Gas 
(2019)

EPA GHGI 
2017 

(2019)

Barkley- 
South/East 

US 2012 
data (2021)

EPA GHGI 
2021 (2023)

Gas Field 1.16 2.3-7.7 0.44 0.58 1.5-2.2 0.2-0.8 0.65 0.9-1.1 0.42
Processing 0.15 0.16 0.09 0.13 0.07 0.06
Transmission 0.39 0.34 0.25 0.32 0.19 0.20
Distribution 0.28 0.23 0.07 0.08 0.07 0.07
Total 1.97 1.17 3.6-7.1 0.99 1.3-2.2 2.0-2.7 2.9-4.0 0.98 0.74

Supply chain leakage rate:
• Hybrid: 1.24%
• EPA: 0.94%

The bulk of methane emissions is in the field and over 300,000 miles of transmission, moving >30 Quads Btu


Chart1



Upstream CH4 Emissions by Stage for GREET



EPA GHGI	NG Production	NG Gathering and Boosting 	NG Processing 	NG Transmission	NG Distribution	2004	2300	450	1300	440	Hybrid	NG Production	NG Gathering and Boosting 	NG Processing 	NG Transmission	NG Distribution	3332	2600	720	1800	440	

gigagrams











CH4 chart

						EPA GHGI		Hybrid		Sources

						EPA GHGI		Hybrid

		NG Production		Completion		32		34		Rutherford et al. 2021 and EPA 2021

				Workover		11		2		Rutherford et al. 2021 and EPA 2021

				Liquid Unloading		168		244		Rutherford et al. 2021 and EPA 2021

				Well Equipment		1,793		3,052		Rutherford et al. 2021 and EPA 2021

				Gathering and Boosting 		2,300		2,600		Alvarez et al. 2018

		NG Processing 				450		720		Alvarez et al. 2018

		NG Transmission				1,300		1,800		Alvarez et al. 2018

		NG Distribution				440		440		Alvarez et al. 2018						I emailed them inside

										Sources

						EPA GHGI		Hybrid

		NG Production		Completion		32		34		Rutherford et al. 2021 and EPA 2021

				Workover		11		2		Rutherford et al. 2021 and EPA 2021

				Liquid Unloading		168		244		Rutherford et al. 2021 and EPA 2021

				Well Equipment		1793		3052		Rutherford et al. 2021 and EPA 2021

				Gathering and Boosting 		2300		2600		Alvarez et al. 2018

		NG Processing 				450		720		Alvarez et al. 2018

		NG Transmission				1300		1800		Alvarez et al. 2018

		NG Distribution				440		440		Alvarez et al. 2018

		NG Production				2004		3332

		NG Gathering and Boosting 				2300		2600

		NG Processing 				450		720		Alvarez et al. 2018

		NG Transmission				1300		1800		Alvarez et al. 2018

		NG Distribution				440		440		Alvarez et al. 2018

						shale gas

										Sources

						EPA GHGI		Hybrid

		NG Production		Completion		0.01%		0.01%		Rutherford et al. 2021 and EPA 2021

				Workover		0.00%		0.00%		Rutherford et al. 2021 and EPA 2021

				Liquid Unloading		0.01%		0.02%		Rutherford et al. 2021 and EPA 2021

				Well Equipment		0.20%		0.33%		Rutherford et al. 2021 and EPA 2021

				Gathering and Boosting 		0.13%		0.15%		Alvarez et al. 2018

		NG Processing 				0.02%		0.03%		Alvarez et al. 2018

		NG Transmission				0.22%		0.31%		Alvarez et al. 2018

		NG Distribution				0.09%		0.09%		Alvarez et al. 2018

				Unit		Used in calculation: BU/TD Hybrid				EPA

						Conventional NG		Shale gas		Conventional NG		Shale gas

		Recovery - CH4 Leakage and Venting 		vol. % of CH4 over NG throughput 		0.55%		0.55%		0.37%		0.38%

		Recovery - Completion CH4 Venting		vol. % of CH4 over NG throughput 		0.00%		0.01%		0.003%		0.006%

		Recovery - Workover CH4 Venting		vol. % of CH4 over NG throughput 		0.00%		0.00%		0.00%		0.00%

		Recovery - Liquid Unloading CH4 Venting		vol. % of CH4 over NG throughput 		0.02%		0.02%		0.02%		0.02%

		Well Equipment - CH4 Venting and Leakage		vol. % of CH4 over NG throughput 		0.37%		0.37%		0.22%		0.22%

		Gathering and Boosting - CH4 Venting and Leakage		vol. % of CH4 over NG throughput 		0.15%		0.15%		0.13%		0.13%

		Processing - CH4 Venting and Leakage		vol. % of CH4 over NG throughput/680 miles 		0.03%		0.03%		0.02%		0.02%

		Transmission and Storage - CH4 Venting and Leakage		vol. % of CH4 over NG throughput 		0.33%		0.33%		0.24%		0.24%

		Distribution - CH4 Venting and Leakage		vol. % of CH4 over NG throughput 		0.09%		0.09%		0.09%		0.09%

		Total		vol. % of CH4 over NG throughput 		1.00%		1.00%		0.72%		0.72%





EPA GHGI	NG Production	NG Processing 	NG Transmission	NG Distribution	32	11	168	1793	2300	450	1300	440	Hybrid	NG Production	NG Processing 	NG Transmission	NG Distribution	34	2	244	3052	2600	720	1800	440	







GREET1_2023 Upstream CH4 Emissions by Stage



EPA GHGI	Completion	Workover	Liquid Unloading	Well Equipment	Gathering and Boosting 	NG Production	NG Processing 	NG Transmission	NG Distribution	32	11	168	1793	2300	450	1300	440	Hybrid	Completion	Workover	Liquid Unloading	Well Equipment	Gathering and Boosting 	NG Production	NG Processing 	NG Transmission	NG Distribution	34	2	244	3052	2600	720	1800	440	

gigagrams









GREET1_2023 Upstream CH4 Leakage by Stage



EPA GHGI	Completion	Workover	Liquid Unloading	Well Equipment	Gathering and Boosting 	NG Production	NG Processing 	NG Transmission	NG Distribution	7.1151388711704802E-5	1.4692213421481354E-5	1.4389094010261127E-4	1.955011939111751E-3	1.3461495104234444E-3	1.878983190287511E-4	2.2412462248826382E-3	9.1117944643745333E-4	Hybrid	Completion	Workover	Liquid Unloading	Well Equipment	Gathering and Boosting 	NG Production	NG Processing 	NG Transmission	NG Distribution	7.4508269434337673E-5	3.0665327040278011E-6	2.0981553389614992E-4	3.3281594685305692E-3	1.5217342291743287E-3	3.0063731044600173E-4	3.1032640036836529E-3	9.1117944643745333E-4	

vol. % of CH4 over NG throughput









Upstream CH4 Emissions by Stage for GREET



EPA GHGI	NG Production	NG Gathering and Boosting 	NG Processing 	NG Transmission	NG Distribution	2004	2300	450	1300	440	Hybrid	NG Production	NG Gathering and Boosting 	NG Processing 	NG Transmission	NG Distribution	3332	2600	720	1800	440	

gigagrams











Flare chart

						EPA 2010		EPA 2010		EPA 2011		EPA 2011		EPA 2012		EPA 2012		EPA 2013		EPA 2013		EPA 2014		EPA 2014		EPA 2015		EPA 2015		EPA 2016		EPA 2016		EPA 2017		EPA 2017		EDF 2015		EPA 2018		EPA 2018		EDF 2015		EPA 2019		EPA 2019		Bottom-Up/Top-Down Hybrid		Bottom-Up/Top-Down Hybrid		EPA 2020		EPA 2020		Bottom-Up/Top-Down Hybrid		Bottom-Up/Top-Down Hybrid

						GREET1_2012		GREET1_2012		GREET1_2013		GREET1_2013		GREET1_2014		GREET1_2014		GREET1_2015		GREET1_2015		GREET1_2016		GREET1_2016		GREET1_2017		GREET1_2017		GREET1_2018		GREET1_2018		GREET1_2019		GREET1_2019		GREET1_2019		GREET1_2020		GREET1_2020		GREET1_2020		GREET1_2021		GREET1_2021		GREET1_2021		GREET1_2021		GREET1_2022		GREET1_2022		GREET1_2022		GREET1_2022

				Unit		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Total NG (OG prod BTU allocation)		Conventional NG		Shale gas		Conventional/Shale NG		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas

				Unit		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas				Conventional NG		Shale gas				Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas		Conventional NG		Shale gas

		Recovery - Flaring		Btu NG/mmBtu NG		7,585		7,585		6,870		6,870		8,370		8,292		9,716		9,558		10,486		10,327		9,940		9,789		1,749		1,484		1,385		1,697				3,162		3,460				3,346		3,490		3,346		3,490		2,036		2,023		2,036		2,023

		Recovery - Venting		g CO2/mmBtu NG		41		41		21		21		13		12		12		12		17		17		16		16		19		19		18		18				86		86				82		81		82		81		80		80		80		80

		Processing - Flaring		Btu NG/mmBtu NG						N/A		N/A		N/A		N/A		N/A		N/A		N/A		N/A		N/A		N/A		3018		3018		3088		3088				3358		3358				3561		3561		3561		3561		3393		3393		3393		3393

		Processing - Venting		g CO2/mmBtu NG		878		878		849		849		810		810		807		807		819		819		776		776		547		547		538		538				496		496				421		421		421		421		449		449		449		449

																														4766.6105446952		4502.3018431209		4473		4785				6521		6819				6907		7051		6907		7051		5429		5415		5429		5415

						EPA 2010		EPA 2010		EPA 2011		EPA 2011		EPA 2012		EPA 2012		EPA 2013		EPA 2013		EPA 2014		EPA 2014		EPA 2015		EPA 2015		EPA 2016		EPA 2016		EPA 2017		EPA 2017		EDF 2015		EPA 2018		EPA 2018		EDF 2015		EPA 2019		EPA 2019

		Recovery - Flaring

		Processing - Flaring				EPA 2010

						EPA 2011

						EPA 2012

						EPA 2013

						EPA 2014

						EPA 2015

						EPA 2016

						EPA 2017

						EDF 2015

						EPA 2018

						EPA 2019

						EPA 2010		EPA 2011		EPA 2012		EPA 2013		EPA 2014		EPA 2015		EPA 2016		EPA 2017		EPA 2018		EPA 2019		EPA 2020

		NG Production				7,585		6,870		8,331		9,637		10,407		9,864		1,617		1,541		3,311		3,418		2,029

		NG Processing 				ERROR:#DIV/0!		ERROR:#DIV/0!		ERROR:#DIV/0!		ERROR:#DIV/0!		ERROR:#DIV/0!		ERROR:#DIV/0!		3,018		3,088		3,358		3,561		3,393

						7,585		6,870		8,331		9,637		10,407		9,864		4,634		4,629		6,670		6,979		5,422

						1%		1%		1%		1%		1%		1%		0%		0%		1%		1%		1%

																						flare stacks at gathering boosting account for increase				flare stacks at gathering boosting account for decrease as well as other flaring down as well

																										pandemic?

																		GHGI starts using GHGRP data				Table 3-77: Gathering Stations Flare Stacks National CO2 Emissions (Metric Tons CO2)

																						Source

																						1990

																						2005

																						2015

																						2016

																						2017

																						2018

																						2019

																						Flare Stacks

																						1,367,178

																						1,725,682

																						2,737,537

																						2,722,202

																						2,317,495

																						4,386,761

																						5,005,631

																						Previous Estimate

																						1,354,751

																						1,721,783

																						2,730,646

																						2,706,255

																						2,300,171

																						4,205,760

																						NA

																						NA (Not Applicable)



EPA GHGI Time Series of Flaring by Stage



NG Production	EPA 2010	EPA 2011	EPA 2012	EPA 2013	EPA 2014	EPA 2015	EPA 2016	EPA 2017	EPA 2018	EPA 2019	EPA 2020	7585	6869.9993853851602	8330.9721577426535	9637.2444490146918	10406.56740752826	9864.3863670088176	1616.6079929108728	1540.8579327583557	3311.0541234888578	3417.7608581905288	2029.4688163991973	NG Processing 	EPA 2010	EPA 2011	EPA 2012	EPA 2013	EPA 2014	EPA 2015	EPA 2016	EPA 2017	EPA 2018	EPA 2019	EPA 2020	0	0	0	0	0	0	3017.8482009971895	3088.2889723980948	3358.4734956501848	3560.9184795738202	3392.7179471144586	

Btu NG/mmBtu NG













Hydrogen production process via methane reforming
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Reference: Lewis et al, “COMPARISON OF COMMERCIAL, STATE OF THE ART, FOSSIL BASED HYDROGEN 
PRODUCTION TECHNOLOGIES,” DOE/NETL-2022/3241 

Hydrogen appears near the end of the production processes after separation unit



LCA of H2 production via water electrolysis 

11

Emission Sources Upstream of Electrolyzer

ElectrolyzerElectricity

H2

O2

Coal 
mining

Coal 
transport 

Crude 
recovery 

Crude 
Transport 

Crude 
refining 

Residual Oil 
transport

NG 
recovery 

NG 
processing

NG 
transmission

Uranium 
ore mining

Uranium 
enrichment

Enriched uranium 
transport

Biomass 
farming/ 

collection
Biomass 
transport

Geothermal 
recovery 

Solar/Wind/
Hydro

Power 
Generation Unit

• GREET model includes H2 production 
from various electrolysis technologies 
and electricity sources 

• The carbon intensity (CI) of H2 is 
determined largely by electricity CI

Hydrogen is produced in a separate channel from oxygen with high purity >99.9%



Sample WTG H2 production GHG emissions in R&D GREET

12

Illustrative: vary by facility, region, timeframe, etc. 

45V tiers

Elgowainy, Amgad, Pradeep Vyawahare, Clarence Ng, Adarsh Bafana, Andrew Burnham, Pingping Sun, Hao Cai, et al. (2022) "Hydrogen Life Cycle 
Analysis in Support of Clean Hydrogen Production." Argonne National Laboratory, ANL/ESIA-22/2. https://www.osti.gov/biblio/1892005.

Each 1% CH4 emissions contributes ~1 kgCO2e/kgH2



Hydrogen delivery involves energy intensive processes such as 
compression, liquefaction, storage and trucking
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Centralized Gaseous 
H

2 Production

Fueling Station

Liquefier

High-Pressure 
Cryo-Pump

Cryo-
Compressed

Dispenser

Liquid Terminal

Loading Bays

Cryogenic
Storage

Liquid Truck

Pump Pump

Compressed 
Gas 

Dispenser

Cryogenic
Storage

Vaporizer

 Fugitive emissions in gaseous hydrogen delivery pathways are unknown but believed to be small
 Currently, emissions in liquid hydrogen delivery pathways are significant

 These are controlled releases that can be easily mitigated
 ~1% of produced hydrogen is liquefied
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Bulk of H2 cost is in 
delivery and refueling

Cost of hydrogen delivery and refueling for FCEVs is strongly driven by 
onboard storage requirement and H2 supply chain 

700 bar, type IV, ~5kg

HX: Heat 
Exchange

VACD: Variable Area Control Device

 J-T: Joule-
Thomson

CA: California

HRS

https://www.sciencedirect.com/science
/article/pii/S0360319917320311 

 The main drivers for reducing hydrogen losses are safety and economics

https://www.sciencedirect.com/science/article/pii/S0360319917320311
https://www.sciencedirect.com/science/article/pii/S0360319917320311


Versatile refueling configurations with LH2 delivery: simplifies HRS configuration

1
5

LH2

Cryo-Pump

Evaporator

Option 1

Cryo-compressed (CcH2) or low-P sLH2 tanks (Options 2,3)

Buffer 
Storage

High 
Pressure

H2

LH2

Low-P

350 bar
CcH2

or

350 or 700 bar 
Type III or IV cH2

 LH2: Liquid Hydrogen  cH2: compressed hydrogen
 CcH2: Cryo-compressed hydrogen  Low-P: Low Pressure (<10 bar)



Liquid H2 supplied stations can handle faster fills with lower cost compared 
to gaseous H2 supply
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Fleet Size: 30 FC trucks; Fill Amount: 35 kg @ 350 bar, back-to-back, one dispenser

 Delivered hydrogen cost is additional



 Additional H2 liquefaction plants have been recently announced to serve the growing H2 market
 Low-carbon electricity is critical for sustainability of LH2 supply

Region Liquefaction Capacity (MT/day)

California 30
Louisiana 70 (2x35)
Indiana 30
New York 40
Alabama 30
Ontario 30
Nevada 30
Quebec 27
Tennessee 6

Total ~300 
(~1% of total H2 production)

Energy use* and CO2 emissions are critical for environmental 
sustainability of H2 liquefaction

 Liquefaction CO2 emissions*=  0-10 kgCO2e/kgH2 (~5 with US mix in 2022)

* At 11 kWhe/kgH2 17
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H2 liquefaction is energy and cost intensive

• Scaling laws based on aggregation of 
industry input
• Liquefier CAPEX
• Specific energy consumption (SEC)

• Modeling and analysis in the literature 
suggest SEC can potentially be as low as 
6 kWh/kg

• SLC – Specific liquefaction cost 

Contribution to
delivery cost 

SEC

Delivered Liquefier SLC SEC GHG Emissions 
2021 (US mix)

5 tpd $4.0 / kg-LH2 11 kWh / kg 4.8 kgCO2e / kgH2

30 tpd 33 tpd $2.8 / kg-LH2 9.4 kWh / kg 4.1 kgCO2e / kgH2

120 tpd 130 tpd $2.1 / kg-LH2 8.2 kWh / kg 3.6 kgCO2e / kgH2

Frank, E.D., Elgowainy, A., Reddi, K. and A. Bafana (2021) “Life-Cycle Analysis of Greenhouse Gas Emissions from Hydrogen Delivery: A Cost-Guided 
Analysis,” International Journal of Hydrogen Energy, ISSN 0360-3199. https://doi.org/10.1016/j.ijhydene.2021.04.078.

 The main drivers for reducing hydrogen losses 
are safety and economics



Ammonia as fertilizer, fuel and H2 carrier
 Ammonia production process modeling

Well-to-gate emissions
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https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth 

 Techno-economic analysis
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 Each $1/kgH2  $200/tonne of ammonia

https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc00843b/unauth
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 Hydrogen is very different from natural gas with respect to:
 Production volume (1.5 vs > 30 Quad Btu)
 Most of the natural gas emissions occur in the field during recovery

- There is no field or recovery of hydrogen
 Much shorter transmission pipeline (1,600 vs 300,000 mi)
 Natural gas is much lower cost than clean hydrogen production

- $2-4/mmBtu vs $20-50/mmBtu (an order of magnitude difference)
- The main drivers to reduce hydrogen losses are safety and economics

 Gaseous hydrogen delivery losses are unknown but believed to be small
- Need to be measured and reported

 Liquid hydrogen delivery has significant losses 
- < 1% of produced hydrogen is currently liquefied
- Losses are controlled rather than fugitive
- Controlled emissions (venting) can be easily mitigated (e.g., via flaring or 

oxidation)
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Thank you!

elgowainy@anl.gov 

Our models, tutorials and publications 
are available at:

https://greet.es.anl.gov/  
https://hdsam.es.anl.gov/  

mailto:aelgowainy@anl.gov
https://greet.es.anl.gov/
https://hdsam.es.anl.gov/
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