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How Does the U.S. Use Hydrogen Today?

* 10 million metric tons produced annually

Use of Hydrogen
in the U.S. Today
8%
Metals (2%)
Ammonia
& Methanol
Refining

Source: https://www.energy.gov/eere/fuelcells/articles/doe-hydrogen-and-fuel-cell-remarks-fuel-cell-expo

Examples of Hydrogen Production Locations
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Hydrogen Production Units
using natural gas
Gaseous Metric Tons/Day

>3X increase since 2021

* More than 1,600 miles of H, pipeline * World’s largest H, storage cavern

Examples of Deployments

Backup Power

S\ BTN

Forkllfts

i-.i,- >620 MW
PEM* Electrolyzers

=

Fuel Cell Buses

H, Retail Stations

oY >15000

Fuel Cell Cars

*Proton exchange membrane


https://www.energy.gov/eere/fuelcells/articles/doe-hydrogen-and-fuel-cell-remarks-fuel-cell-expo

Where Might Hydrogen Benefit Future Energy

Systems?

Clean Hydrogen Ladder: Competing technologies

Unavoidable No real altemative | Electricity/batteries | Biomass/biogas | | Other |

B “ [Shlpplng ][orr road vehicles] Steel [Chemm| feedstock] [Long-term storage]

[Long haul aviation* ][Remote trams] [Coastal and river vessels] [Vlntage vehicles™ ] [Local CO2 remediation]

[Medium-haul aviation'] Long distance trucks and coaches High-temperature industrial heat

Short-haul aviation Local ferries Commercial heating Island grids  Clean power imports UPS

Un-competitive

* Via ammonia or e-fuel rather than H2 gas or liquid Source: Liebreich Associates (concept credits: Adrian Hiel/Energy Cities & Paul Martin)

Hydrogen is most appropriate for applications that are impossible or
too expensive to electrify — often these are location-specific
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Economic Drivers for Hydrogen in Future Energy

Systems

Legend

Estimates & Considerations

Il Dark Colors: Base Case Hydrogen volumes dependent upon
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Threshold hydrogen price ($/kg)*

MEDIUM- AND
HEAVY-DUTY
VEHICLES

Il Light Colors: High Demand Case

@ Circles: Higher bound of willingness to pay

many variables

Key estimates

* Trucks: = 10%-15% total energy

* Aviation: 100% sustainable
aviation fuel using hydrogen

* Steelmaking: = 10% using H,

* Ammonia: 100%

* =~=50% of methanol

H : .
AMMONIA ENERGY STORAGE [/ 10al" DDITIONAL Blends with natural gas for high-
EAT ([ pEmANDS temperature heat
s * Additional applications include
0 10 20 30 50

Hydrogen Demand (MMT/y)

*Price at point of use (includes production, delivery, and dispensing)

PTL: Power-to-Liquids
MeOH: Methanol

stationary power, synfuels, and
exports
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U.S. Clean Hydrogen Strategy and

Roadmap

EEEEEEEEEEEE

“Snapshot of hydrogen production,
transport, storage, and use in the United
States today and the opportunity that
clean hydrogen could provide in
contributing to national goals across
sectors.”

DOE National
Clean Hydrogen
Strategy and
Roadmap

Draft - September 2022

|dentifies strategic opportunities for clean
hydrogen

— 10 MMT/yr by 2030

— 20 MMT/yr by 2040

— 50 MMT/yr by 2050
https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf
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Can Clean Hydrogen Meet Cost Requirements?

U.S. Department of Energy Hydrogen Shot Cost Target

28] @ &

1 Dollar 1 Kilogram 1 Decade

Launched June 7, 2021

https://www.energy.gov/eere/fuelcells/hydrogen-shot
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How We Often Identify Hydrogen —

Colors

Energy Source Mode of Production

Green Renewable energy Water electrolysis
White Natural geologic formations Natural fracking
Yellow Solar Water electrolysis
No Color Biomass Gasification
Nuclear Catalytic splitting
Nuclear Water electrolysis
Turquoise Natural gas Pyrolysis
“ Natural gas Steam reforming + CCS
Natural gas Steam reforming
Coal (lignite and bituminous coal) Gasification

Derived from: Parkinson, B., P. Balcombe, J.F. Spiers, A.D. Hawkes, and K. Hellgardt. 2018. “Levelized cost of CO2 mitigation from hydrogen production routes. Energy & NREL | 7
Environmental Science 12: 19-40. https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e and https://www.nrel.gov/docs/fy220sti/82554.pdf.



https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e
https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e
https://www.nrel.gov/docs/fy22osti/82554.pdf

A Better Option to Identify Hydrogen — Greenhouse

Gas (GHG) Emissions of Hydrogen Production

I 2% CH, leakage
1% CH, leakage

Actual emissions
will vary by
facility depending
on system design
and location

H, = Hydrogen

CH, = Methane

SMR= Steam Methane Reforming of
Natural Gas;

CCS=Carbon Capture and Sequestration;

LTE=Low-Temp Electrolysis;
HTE=High-Temp Electrolysis;
LFG=Landfill Gas

https://greet.es.anl.gov/files/hydrogenreport2022
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Clean Hydrogen Production Tax Credit (PTC)

Provision 45V

H2 PTC Valuation

* The clean hydrogen 45V PTC is the first-of-

its-kind production-based credit Carbon Intensity | Min H, PTC (S/kg | Max H, PTC (S/kg

specifically for hydrogen production. L H2) H2) (!orevamng
i : . requirements)
— Projects must begin construction by 0-0.45 $0.60 (100%) $3.00 (100%)
2033. 0.45-1.5 $0.20 (33.4%) $1.00 (33.4%)
— Credit value duration is for 10 years 1.5-2.5 $0.15 (25%) $0.75 (25%)
— Projects can select an investment tax 2.5-4 $0.12 (20%) $0.60 (20%)
credit (ITC) instead, if desired
ITC Valuation in lieu of H2 PTC
* Values.

Carbon Intensity ITC % Value (% of | ITC % Value (% of

(kg CO,e/kg H2) full credit) full credit)
(prevailing

requirements)

— Emissions-based using 45VH2—-GREET
(https://www.energy.gov/eere/greet)

— 50.60 per kg base

— $3.00 per kg prevailing wage 5 x 0-0.45 6% (100%) 30% (100%)
multiplier 0.45-1.5 2% (33.4%) 10% (33.4%)
* The ITC 48/48E in lieu of provision 45V. 1.5-2.5 1.5% (25%) 7.5% (25%)

2.5-4 1.2% (20%) 6% (20%)



https://www.energy.gov/eere/greet

Energy Attribute Certificate Requirements for

Provision 45V

Q Electricity generation and
l I Deliverability electrolysis in the same electrical

region.

Hourly matching of electricity

Temporal Matchin generation and electrolysis after
P = Jan 1, 2028 — annual before that

date.

Electricity generation facility goes

| talit online no more than 36 months
@ ncrementality before the hydrogen production

facility.
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Hydrogen Has the Potential to be a Key Energy

Intermediate in a Decarbonized Energy System

50%

Multiple enablers will
likely be involved in
meeting that potential:

* Application technology
development and
scaling

* Production technology
development and
scaling

* |nitial economic
opportunities that can oo
network and scale

40%

30%

20%

10%

Hydrogen use as percentage of final energy demand

https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf

Transport
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Industry

®X >+ 1N

Buildings
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X

Total Energy

mFuel Cells and Hydrogen Joint
Undertaking, Ambitious, 2019
(EV)

#Fuel Cells and Hydrogen Joint
Undertaking, Business-as-
Usual, 2019 (EU)

A Energy Transitions
Commission 2021 (Global)

@ McKinsey & Hydrogen Council
Hydrogen Insights 2021
(Global)

+ International Energy Agency
Net Zero Energy 2021
(Global)

# Bloomberg New Energy
Outlook Sept 2021 (Global)

@ International Renewable
Energy Agency 2021 (Global)

Energy includes transport, industry,
buildings, and power sector uses
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Previous Hydrogen Initiative in the U.S.

“Tonight | am proposing $1.2 billion in
research funding so that America can
lead the world in developing clean,

hydrogen-powered automobiles.
President George W. Bush
2003 State of the Union Address

Focus on meeting consumers’ range
requirements and reducing oil imports

NREL | 13
Image Source: https://en.wikipedia.org/wiki/2003 State of the Union_Address
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United States’ Decarbonization Objective
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https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf
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Sectors that are Difficult to Decarbonize

Long-distance
road transport
1%

Residential,
commercial

10%
Other

industry
14%

—N

1%

Electricity
26%
Combined -
heat
& electricity
5%
A Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

Short-distance
light road transp.

Short-distance
med/heavy
road transp.
5%

_—

Gt COp

10 —
Long-distance
g —| MmO o0 transport
- Aviation
8 Shipping
(rail, ships, other)
7 —
Cement
6 —
)
5— Iron & steel
4 —
)
3 —
Load-following
2 — electricity .
1 —
)
0 —

B Difficult-to-eliminate
emissions, 2014
(9.2 Gt CO,)

Source: Adapted from S. J. Davis et al., Science 360, eaas9793 (2018). DOI: 10.1126/science.aas9793

Key challenge areas

Electricity resource

adequacy

Iron & Steel
Cement

Long-distance transport



Opportunity: H2@Scale

Conventional Storage

Power

Generation Synthetic

Fuels

Objective: Upgrading
Qil/
Enable clean- Biomass

Renewables

energy pathways

across applications *Ferdlizer
and sectors by Nuclear oV H;0 Hydrogen
developing the full ceneration -
Electric Grid e
hyd rogen Value | Inff;:::'tlc::lre Production
. Fossi
chain with CCUS

Chemical/Industrial
Processes

Heat/Distributed
Power

Gas
Infrastructure

https://www.energy.gov/eere/fuelcells/h2scale
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Strategy #1: Strategic, High-Impact End Uses
Deployment Opportunities

Deployment Estimates across Applications Deployment Estimate Ranges for 2050
# Additional Demands [ Core Range of Estimates
Power-to-Liquid Fuels Additional Scenarios
m Methanol 18

= 40 Blending in Natural Gas for Heat
o Hm Energy Storage 16
?; m Biofuels
ﬁ 30  mTrucks 12
§ m Ammonia § 10
o Refining and petrochemicals £ 8 6-11
= =
T 2 =
c
% 4
= 10 % 2
0
Transportation Biofuels &  Industry Blending Grid
PtL Fuels
0
2030 2040 2050

NREL 17
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What is Green Hydrogen?

How many currently refer to hydrogen: How we should be discussing hydrogen:
Energy Source Mode of Production Production tax credit (PTC) value
14 $3.0/kg
Green Renewable energy Water electrolysis -——5$1.0/kg
———5$0.75/kg
. Natural geologic . 12
White g_ e Natural fracking ~$0.6/kg
formations .
. T 10
Yellow Solar Water electrolysis o
v
. . ) ©“ Electrolysis solar PV
No Color Biomass Gasification % 8 N
§ Electrolysis wind End use willingness to pay
Nuclear Catalytic splitting 2 5 _
5} Electrolysis nuclear
'§ _____________________________ Heavy duty road transport
Nuclear Water electrolysis &
4 - Biomass w/o CCS
: SMRw/ CCS  coal w/ cCS Aviation and maritime fuels
Natural gas Pyrolysis L AmmoniaandSteel __
2 o ;
Natural gas Steam reforming + CCS ‘“““““““; “““
0 Methane pyrolysis SMR wio CCS Coal w/o CCS
H T T T T T T
Natural gas Steam reforming 0 10 20 30

Coal (lignite and
bituminous coal)

Life cycle carbon emissions (kg CO.,e kg™ H,)

Black/Brown

Gasification

Derived from: Parkinson, B., P. Balcombe, J.F. Spiers, A.D. Hawkes, and K. Hellgardt. 2018. “Levelized cost of CO2 mitigation from hydrogen production routes. Energy &

NREL | 18
Environmental Science 12: 19-40. https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e and https://www.nrel.gov/docs/fy220sti/82554.pdf.



https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e
https://pubs.rsc.org/en/content/articlelanding/2019/ee/c8ee02079e
https://www.nrel.gov/docs/fy22osti/82554.pdf

Opportunity to Reduce the Cost of Electrolytic

Hydrogen Using Low-Cost Electricity

Electrolyzer Operational Optimization

LMPs for California ISO Palo Verde Node in 2017 5 :
g : — HLC
Midnight 0.05 E ---- Minimum cost
4 | mmm Electricity costs
0.04 i Bl Capital costs
= ! Fixed O&M
0.03 = ‘
6 AM : g 5 ;
0.02 § IMinimum cost: $1.29/kg
' o :Capacnty factor: 30%
NS 1Mean electricity price: $0.014/kWh
= 001 < g IPrice ceiling: $0.024/kWh
3 Noon 2 3 ,
T :\i c H
0.00 g :
<] 1
o
-0.01 T
6 PM 0
-0.02 ;
- -0.03
Midnight 1000 2000 3000 4000 5000 6000 7000 8000
> > £ T @ > % 5 5 5 % Hours of operation per year
S & £ 5 &8 S 3 > & o &8 2
3 =) © < = o [ o £ =
= — s = | )
8 = <28 g8
w Q o 0}
@ Z2 0
oxith n High cost Minimized High mean

of capital ~ costs electricity prices
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Badgett, A., Ruth, M. and Pivovar, B. (2022) ‘Chapter 10 - Economic considerations for hydrogen production with a focus on polymer electrolyte membrane
electrolysis’, in Smolinka, T. and Garche, J. (eds) Electrochemical Power Sources: Fundamentals, Systems, and Applications. Elsevier, pp. 327-364

H2A Future Central case. 51.3 kWh/kg system efficiency. $100/kW total system purchase cost. Palo Verde LMPs.



Capital Costs
Influence Shape
and Minima of
Hydrogen Levelized
Cost Curves

Curves at low capital costs
are:

Lower cost
Flatter

Optimum at lower
capacity factor

Hydrogen levelized cost ($/kg)

Impacts of Electrolyzer Cost on Hydrogen Levelized Cost
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w
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= (Capital cost $100/kW
=== Capital cost $400/kW
= Capital cost $900/kW
[ $100/kW HLC $0.1/kg price range
$400/kW HLC $0.1/kg price range
$900/kW HLC $0.1/kg price range

WL |

#

=
o

1 $100/kW HLC ($/kg): 1.29

$400/kW HLC ($/kg): 1.9
$900/kW HLC ($/kg): 2.56

o
wn

1000 2000 3000 4000 5000 6000 7000 8000

Hours of operation per year

H2A Future Central case. 51.3 kWh/kg system efficiency. Capital costs are total system purchase cost. Palo Verde LMPs.

Badgett, A., Ruth, M. and Pivovar, B. (2022) ‘Chapter 10 - Economic considerations for hydrogen production with a focus on polymer electrolyte membrane NREL I 20
electrolysis’, in Smolinka, T. and Garche, J. (eds) Electrochemical Power Sources: Fundamentals, Systems, and Applications. Elsevier, pp. 327-364.



Hydrogen Production has the Potential to Support

Wind and Solar Generation

In the U.S., hydrogen production has the potential to increase the total
market size of wind and solar photovoltaic (PV) generation

PV Wind

Curtailed
4,000 m Hydrogen Production
B Generation to Serve Load

3,000
=

2 2,000

o

@ + o o o = @ © + O o o © = g
S nS 88 28 %% P nS 88 28 %%
£ 22 5F ? > s o= S i ¥4 >
g oo o ] Qs o Q9 oo n Qs
& cz @ O 2.0 ] & €z @ O g0 ®
e % &z 32 §8 3 &z 32 §£3
2£ o5 <2 Su <E o <g  3Su
= g £ 3 = S = S
[a = Zr 1} [a = Zr 7}
o3 2= 2 o3 =z 2
o O w 4 3 w

Estimates are based on national scenarios Wlth minimal Ruth, Mark, Paige Jadun, Nicholas Gilroy, Elizabeth Connelly, Richard Boardman, A.J. Simon, Amgad Elgowainy,
and Jarett Zuboy. 2020. The Technical and Economic Potential of the H2@Scale Concept within the United

resolution into rEgionaI constraints. Increased resolution will States. Golden, CO: National Renewable Energy Laboratory. NREL/TP- 6A20-77610. NREL n
likely impact the most competitive source of energy supply https://www.nrel.gov/docs/fy210sti/77610.pdf. |
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Strategy #3: Focus on Regional Networks Initially

Hubs allow each
region to focus on

New England

0‘

their production and | “
utilization G A
opportunities e ks @

NREL 22
https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf !
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Priority
Strategies
to Achieve

the

Hydrogen
Vision

Strategy

@ Target strategic, high-impact end uses

co, Ty

Achieve 10 MMT/year of clean hydrogen by 2030

@ Reduce the cost of clean hydrogen

—

Enable $2/kg by electrolysis by 2026 and $1/kg H, by 2031

Focus on regional networks

B —

Deploy 4 or more clean hydrogen hubs and ramp up scale

https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf

Vision:
Affordable clean
hydrogen for a net-
zero carbon future
and a sustainable,
resilient, and
equitable economy

Benefits:
Emissions reduction;
job growth;
energy security and
resilience

NREL | 23
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Focus on Regional Networks Initially

N [
One challenge for 7| B g dd o

hydrogen is that it involves P

Regional Clean Hydrogen Hubs

production, delivery, often gr—<wmr—wmyr
o o0 o 0 o0 0

storage, and utilization. il i —
H H H Clean . Clean
ECO n O m I CS I m p rove W I t h hydrogen . Connective hydrogen
infrastructure yaros
. producers located in close consumers
more connections. o proximity o~
Regional = Industry,
PP d power,
However, initial resources an e
. I I buildings
connections are NN
Cha”englng to develop Foundational Enablers:
*  Workforce development * Stimulating private sector investment
» Safety, codes, and standards *  Meaningful stakeholder engagement
* Policies and incentives * Energy and environmental justice

https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-strategy-roadmap.pdf
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The U.S. Department of Energy is Funding Seven
Hydrogen Hubs

Selected Regional Clean Hydrogen Hubs

» o Heartland :
Pacific Northwest Hydrogen Hub

Hydrogen H Ub Heartland Hub (HH2H)
PNW H2

Midwest °
Cal ifo rn ia Ed{eds(';ﬁﬁzr\‘:r l(jel:nb e »
Hydrogen Hub Higkseen{itashta) . N7 Mid-Atlantic

< Alliance for Renewable Clean .
b Hydrogen Energy Systems Appalachlan Hyd rogen HUb
Mid-Atlantic Clean Hydrogen

8° (ARCHES
. ) Hydrogen Hub Hub (MACH2)

< Appalachian Regional Clean

Gulf Coast Hydrogen Hub (ARCH2)
Hydrogen Hub

HyVelocity H2Hub

@ Proposed H2 Facility

@ selected H2Hubs @ OCED

https://www.energy.gov/oced/regional-clean-hydrogen-hubs-selections-award-negotiations
NREL | 25




U.S. Legislation Supporting Hydrogen

Bipartisan Infrastructure Law (BIL) Inflation Reduction Act (IRA)

Includes several tax credicts:

Includes $9.5B for clean hydrogen: * Clean hydrogen production (45V)
» S1B for electrolysis
e S0.5B for manufacturing and CO,e/kg H,)* ($/kgH,)
recycling 4-2.5 $0.60
» S8B for at least four regional clean 25-15 $0.75
hydrogen hubs 1.5-0.45 $1.00
0.45-0 $3.00

* Commercial Clean Vehicles Credit
(45W)

* Alternative Fuel Refueling Property
Credit (30C)

Source: https://www.energy.gov/eere/fuelcells/articles/doe-hydrogen-and-fuel-cell-remarks-fuel-cell-expo

* Well-to-gate NREL | 26
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Loan Guarantees Provided by U.S. Government

The U.S. Department of Energy Loan Program Office provides
loan guarantees for hydrogen technologies.

First-of-its-kind
MONOLITH Employing innovative ADVANCED CLEAN hydrogen production
carbon black reactor and storage facility
technology, Monolith ENERGY STORAGE capable of providing
is a pioneering clean long-term seasonal

hydrogen and carbon energy storage.

HALL A ‘“:‘_ “ .; RASKA utilization project.
Ran o R I /N
9 .z

DELTA, UTAH 9

LOAN GUARANTEE:
CONDITIONAL
COMMITMENT

FINANCED BY
U.S. DEPARTMENT OF L lP’
ENERGY - g

LOAN GUARANTEE:
CONDITIONAL
COMMITMENT

FINANCED BY
U.S. DEPARTMENT OF 2 lpa
ENERGY

$1.04B for the first-ever commercial-scale project to $504.4M for large-scale hydrogen energy storage, 220
deploy methane pyrolysis technology. Will enable MW electrolysis and turbine. Will enable up to 400
1,000 construction jobs and 75 operations jobs. construction jobs and 25 operations jobs. (Loan
(Conditional commitment for loan guarantee guarantee closed in June 2022)

announced December 2021)

NREL | 27
Source: https://www.energy.gov/eere/fuelcells/articles/doe-hydrogen-and-fuel-cell-remarks-fuel-cell-expo
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