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President’s Plan for a Clean Energy Economy: 9 Key Elements

1. Take executive action on Day 1

2. Enact anirreversible path to economy-wide net-
zero emissions by 2050 /,

. Act and lead globally

Public investment in clean energy and innovation

. Accelerate the deployment of clean technology

throughout our economy

6. Make environmental justice a priority for all federal
agencies

7. Require public companies to disclose climate risks
and GHG emissions

i bW

> .
8. Create millions of good-paying jobs with the choice 100% carbon-pollution-free
to join a union electric sector by 2035
9. Fulfill our obligation to communities and workers from Executive Order on

that have risked their lives to produce fossil fuels Tackling the Climate Crisis signed Jan 27, 2021

whitehouse.gov/briefing-room/presidential-actions/2021/01/27 /executive-
order-on-tackling-the-climate-crisis-at-home-and-abroad/
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Commercial Hydrogen and Fuel Cell Technologies Now Available across Sectors
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Worldwide, Trains, Trucks, Buses and Various End Uses
| >1'GW FueICeIIs Shlpped in 2019
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Hydrogen and Fuel Cell Technology Growth Worldwide

Global fuel cell shipments surpass 1 GW 25-fold increase in electrolyzers

deployed in the last decade

Announcements made for GW scale

1200
= Transport Transporjc shows largest
1000 Stationary growth: includes buses,
Portable trucks, cars, rail, forklifts, etc. Global FCEVs doubled to >25,200
> 800 >12.3K sold in 2019 vs. 5.8K in 2018
>
600
m L] [ [
- 470 H, fueling stations worldwide
200 > 20% increase in 2019 vs. 2018
u T T T T
2015 2016 2017 2018 2019
Source: E4tech for DOE analysis project Source: IEA (2020), Hydrogen, IEA, Paris, https://www.iea.org/reports/hydrogen
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Global Drivers and Energy Related Carbon Emissions by Sector

. DISTRICT HEATING AND COOLING

\ DHC3%
[ [ .. ‘I I
Drivers include: | nsasemen INDUSTRY
Emissions reduction e Cement7%
‘- ' Chermical § %
Energy security ) /" Auminum1%
Economic growth SR Sectors today
Resiliency Power “5%  OTHER with no
e economically
Energy storage S - . f’@&?ﬁg_si —~ - scalable option
‘ Y Water or deep emission
Energy efficiency ; e for deep
. . ~ “\_Cooking 2% reductions
Innovation potential S N LVINGS
. y o \ Passenger car 9%,
Environmental 7 gt | \Rosdomerss
benefits Al Y -
TRANSPORT

Source: IRENA, 2017a from: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2018/Sep/IRENA_Hydrogen_from_renewable_power_2018.pdf
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Roadmaps and Plans Developing Worldwide

H2 Ministerial Global Action Agenda Goals:
“10, 10, 10”

A Hydrogén.Roadmap
for South Australia

10M systems, 10K stations, 10 years

HYDROGEN =/ = he Future of
ROADMAP | # 2 i " §
FURORE b | ,

Hydrogen '

scaling up

y Power generation,
buffering

Hydrogen Council:
Global industry
partnership
projects up to 10X

ASUSTAINABLE PATHWAY FOR THE . . \

EUROPEAN ENERGY TRANSITION @/ [ | | e - >
AP Green Hyd: n Economy in

i the Northe® Netherlands

e Transportation

| [J—

i 1 Industrial
increase in H2 ndustrial energy

demand by 2050

Building heat
and power

New feedstock
(CCU, DRI)

of final energy \ lalic 30 annual sales Existing feedstock uses

demand e = (hydrogen and
o ¢ equipment) '
Industry Examp|e HZCOUHC“ Global Impact Potential by 2050 Global energy demand supplied with hydrogen, EJ
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U.S. Department of Energy
Hydrogen Program
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The Program'’s vision is a prosperous
future for the nation, in which clean
hydrogen energy technologies are
affordable, widely available and reliable,
and are an integral part of multiple sectors
of the economy across the country.

US DOE Integrated Hydrogen Program

e U.S. DEPARTMENT OF

Department of Energy
Hydrogen Program Plan

Released November 2020 - www.hydrogen.energy.gov
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Portfolio includes hydrogen production from diverse sources and =& u.s. perarTuenT oF

pathways ENERGY .

FOSSIL RESOURCES BIOMASS/WASTE H,O SPLITTING

» Low-cost, large-scale hydrogen « Options include biogas reforming and « Electrolyzers can be grid-tied, or directly
production with CCUS fermentation of waste streams coupled with renewables

» New options include byproduct  Byproduct benefits include clean water, | « New direct water-splitting technologies
production, such as solid carbon electricity, and chemicals offer longer-term options

Coal
Gasification
with CCUS

Biomass
Conversion

Natural Gas
Conversion
with CCUS

Electrolysis

T

N= Electrolysiﬂ

Low-cost hydrogen production from diverse domestic feedstocks & energy resources—enhancing
long-term resiliency & opening regional market opportunities
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Hydrogen Program Objectives

@ Examples of Key DOE : : :
, Hydrogen Program Targets The Program works in partnership with

DOE targets are application-specific and developed with stakeholders to:

stakeholder input to enable competitiveness with incumbent

and emerging technologies. These targets guide the R&D * Overcome technical barriers through basic and applied
community and inform the Program'’s portfolio of activities. research and development

Examples include: . : .
* Integrate, demonstrate, and validate “first-of-a-kind”

« $2/kg for hydrogen production and $2/kg for delivery and hydrogen and related technologies

dispensing for transportation applications
* Accelerate the transition of innovations and

« $1/kg hydrogen for industrial and stationary power

generation applications technologies to the private sector
« Fuel cell system cost of $80/kW with 25,000-hour durability « Address institutional issues including safety concerns,
for long-haul heavy-duty trucks education and workforce development, and the
« On-board vehicular hydrogen storage at $8/kWh, 2.2 development of codes and standards
Kfkgrand 1‘?kWh/ | ) « Identify, implement, and refine appropriate strategies
« Electrolyzer capital cost of $300/kW, 80,000 hour durability, for federal programs to catalyze a sustainable market
4 o
SCiboreySicIicCIency and concomitant benefits to the economy, the
» Fuel cell system cost of $300/kW and 40,000 hour durability environment, and energy security

for fuel-flexible stationary high-temperature fuel cells
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Key Hydrogen Technology Options © ENERGY

NEAR-TERM LONGER-TERM

Gasification of coal, biomass, and waste with carbon capture, utilization, and storage
Production Advanced fossil and biomass reforming/conversion Advanced biological/microbial conversion
Electrolysis (low-temperature, high-temperature) Advanced thermo/photoelectro-chemical H,O splitting

Distribution from on-site production
Tube trailers (gaseous H,) Widespread pipeline transmission and distribution
Cryogenic trucks (liquid H,) Chemical H, carriers

Pressurized tanks (gaseous H.) Geologic H, storage (e.g., caverns, depleted oil/gas reservoirs)
Storage Cryogenic vessels (liquid H.) Cryo-compressed
Chemical H, carriers Materials-based H, storage

Turbine combustion Advanced combustion Fuel cell/combustion hybrids

Conversion , :
Fuel cells Next generation fuel cells Reversible fuel cells

Fuel refining Blending in natural gas pipelines
Space applications Distributed stationary power Utility systems
Applications Portable power Transportation Distributed CHP Integrated energy systems
Industrial and chemical processes
Defense, security, and logistics applications

U.S. DEPARTMENT OF ENERGY DOE HYDROGEN PROGRAM 12



DOE Hydrogen and Fuel Cell
Technologies Office Updates
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Hydrogen is one part of a Comprehensive Energy Portfolio

H2@Scale: Enabling affordable, reliable, clean, and secure energy across sectors

Conventional Storage Transportation Hydrogen can address specific
Synthetic applications across sectors that
& G Fuels are hard to decarbonize
g & Upgor;c/“ng Today: 10MMT H, in the U.S.
B Economic Potential: 2 to 4x more

Ammonia/ H
Fertilizer Strategles
Scale up technologies in key
sectors
Metals * Continue R&D to reduce cost and
Production - - oo
improve performance, reliability
* Address enablers: harmonization
Chemical/Industrial
Processes of codes, standards, safety, global
Heat/Distrouted supply chain, workforce
development, sustainable markets

H20 Hydrogen
Generation

Nuclear
Fossil
with CCUS

Electric Grid
Infrastructure

Gas
Infrastructure

Source: U.S. DOE Hydrogen and Fuel Cell Technologies Office, https://www.energy.gov/eere/fuelcells/h2scale
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Snapshot of Hydrogen and Fuel Cell Applications in the U.S.

Examples of Applications Hydrogen Produced N ,
_ 10 million metric tons produced
.-\J \ 0-50 annually
: | Vo /2 50 - 100 h i §
By S s S ) ¥ {r’ 100200 More than 1,600 miles of H,
| } ; 1 = 200 - 400 pipeline
Backup Power . o A i ) 40-s00 World’s largest H, storage
\/ S ‘ | . =t ', "w'»‘é‘ff Hydrogen Production Units cavern
‘ : v - b ) > 3 Gaseous Metric Tons/Day
=\ ¥ >35,000 e L e e R
. Lon Angebes \ | g b LY. .
y Forklifts N = endl N 56 PEM Electrolyzer Installations
. < i on . .] | Douglas County, WA . .
HEAN >14 Mw T\ S 7 e (Planned and Existing)
4 W N - \ e S et | B
PEM* Electrolyzers N e, T\ o '
. . ..t;." % / \) Prairie Island, MN Canandaigua, NY " .
m Sonoma, CA 0ak Harbor, OH Mahwah, NJ ..
Fuel Cell Buses & i
San Carlos, CA . e Colugs, OHLeesport, L4 "
>45 Santa Clara, CA San Jose, CA Ulare ampen i . Electrolyzer E—
Hertford, NC Capacity
- . Costa Mesa, CA
H, Retail Stations . Smm’. ; s
Hydrogen Stations Plans Across States : o onw
ﬁ >9’ 000 Austig Orlando, FL 500 kKW
: : o 1000 KW
Fuel Cell Cars California Northeast HI, OH, SC, NY, CT, T 1900k
200 Stations Planned | 12 —20 MA, €O, UT, TX, M @ 2000 kW
CAFCP Goal Stations Planned | And Others o ® soo0kw

* Polymer electrolyte membrane
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Fuel Cell Forklifts for Material Handling Applications

More than 35,000 forklifts

Over 20 million refuelings
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Heavy Duty Applications Emerging

Several companies developing long Fuel cell buses in CA surpass High-speed fuel cell ferry under

haul Class 8 fuel cell trucks 20M passengers development in the US
: i

u“ svorer o o 'an',h.'b-il.h_‘;-.
O‘n'~‘ ‘“*“": 1 : 1
o = ' :
: - N
Siteces Wl e [
,’7
‘ =3 == | ¢

Fuel cell parcel truck demonstration Fuel cell delivery truck projects by  Fuel cell commuter rail in Europe,
projects by DOE + industry DOE + industry and Asia- first planned in the US
: "‘ \ - y G ; g . ,,‘? _ : ——

ot ¢ \REDLANDS

e ices
l?‘-‘, s Workdwide Seni

G
il

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



Benefits and Impacts Analyses Underway — Example

500
M Diesel B Solar LTE H2 Nuclear HTE H2 Preliminary Results

ICEV FCEV FCEV Record publication underway
) | | | I
[] ] L] L] - I -

3

gCO,./passenger-mi]
(W]
S

WTW GHG Emissions [gCO,./ton-mi or
s
S

0
Straight Trucks  Pickup and Construction  Transit Buses Drayage Trucks  Long-Haul
Delivery Vans Trucks Trucks
Argonne &
Class 4 Class 6 Class 8B Class 8 Class 8B Class 8B

Source: A. Elgowainy, et al, ANL
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Examples of H2@Scale Analysis and Demonstration Projects

Assessing resource availability.

Most regions have sufficient resources.

New H2@Scale demonstration projects
cover range of applications

*Includes 1 project by Office of Nuclear Energy

Hydrogen Availability

Hydrogen Potential From Photovoltaic and Onshore Wind Resources Minus

Maximum Market Potential for the Industrial & Transport Sectors, Natural Gas and Storage

P (Oil Refining, Ammonia, Metals, Biofuels, Natural Gas, Synthetic Fuels & Chemicals,
$—3 Light-duty FCEVs, Other Transportation, and Grid Storage)

Net Hydrogen

(metric ton/county mi?/yr)

I 2.000- 4,300

1,000 - 2,000 Nuclear Energy Plants e N R E L
@ Currently Operating -

[ 350-1,000

C] 0-350 @ Announced Retirement

- -18,000 - 0 @ Recently Retired

Red: Only regions where projected industrial &
transportation demand exceeds supply.

Hydrogen Demand Potential

Maximum Market Potential for the Industrial & Transport Sectors, Natural Gas, and Storage

(Oil Refining, Ammonia, Metals, Biofuels, Natural Gas, Synthetic Fuels & Chemicals,

Light-duty FCEVs, Other Transportation, and Grid Storage)

J Fiwy
€ e ,.. e ey
- SRR = rms el
New marine and Sy [0S

data center Bi=x
. AT
projects

L LS

<] |

zmh m
L |

Total H2 Demand
(metric ton/county mi?/yr)

Il :0-15,000
B 10-40
B s5-10
-5

[ Jo-1

Total: 166,000,000 metric ton H2 / yr
(Alaska & Hawaii not shown)

LINREL

Solar, wind, nuclear, and

waste to H, projects

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY
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Example of H2@Scale Demonstration Projects

Demonstration of H2@Scale: Different regions, hydrogen sources and end uses

Texas

Florida

Site selection in process

Total Budget
$10.8M

Wind, Solar,
RNG/Waste

Total budget
$9.1M

Solar-to-H, with
End Uses

Total Budget
$7.2M

Nuclear-to-H, for
at-Plant Use

fod
Solar Power
PV installation at Texas Advanced
Computing Center
+ UT-CEM Microgrid emulated solar
power from Austin Energy
fed
1 Wind Power
«  UT-CEM Microgrid emulated wind
power from West Texas

s
2l

ene
+ Operated by Texas Advanced
Computing Center

« Using combination of renewable
H2 generation pathways
*  Fuel cell provided by Hydrogenics

+  TexasRNGs from Waste
Management landfill gas through
virtual pipeline with One Gas

3 -

Using renewable natural gas
*  Provided by GTl and One H2

(g )—L
On-site SMR

-site Fueling Station and FCEVs
. renewable
ys
+ Fueling station provided by Air
Liquide
* Light-duty fuel cell vehicles
provided by Toyota

+  Fuel cell aerial drones provided by
(% )GuinnPar{ners/DMl

U.S. DEPARTMENT OF ENERGY

Stationary

FC Systems

-,

%
N
Iy
g
1 S
s =

4
OUC Office
H,
Storage

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Electrolyzer

e
-
: : \g
FCEV 2
Refueling &
S
OO

Baseload generation

Carbon-free

nuclear
generation

electrolyzer for
hydrogen

generation
Self supply of
plant's
hydrogen use:
Offset 0&M

On-site
Hydrogen
storage

> Electric grid

E |
Long duration §l | _:
storage |

|

|

1

Peak power i
generation ||

transportation

Regional hydrogen ¢
market

| HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE
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X Sale & injection into
3 Hydrogen gas pipeline

On-site hydrogen
user




Examples of H2@Scale Demonstration Projects -2020

Demonstration of H2@Scale: Different regions, hydrogen sources and end uses

Marine Application

H, for Data Center

H, for Steel Production

Total Budget Electrolyzer and Total Budget PEM fuel cell for Total Budgets DRI-process and
$16M fuel cell for marine data center power grid-interactive
application $13.7M $5.7M & $7.2M steelmaking
== s
PIER By

uuuuuuuu

1st-of-its-kind maritime H, refueling on
floating barge - up to 530 kg H, /day

U.S. DEPARTMENT OF ENERGY

GHG case studies «  Design and sizing optimization «  Safety and site lessons learned  «  Logistics and scalability

H, Lique- Liquid Gaseous
Hydrogen faction Ligud H Site Hydrogen H | N
Production Delivery ‘ﬁ‘a Infrastructure Fuel Cell EIII]

Innovation

Demonstration
Controls and system Power % Data First-of-its-kind
architecture Electronics Center demonstration with a
. 1.5 MW fuel cell
DC bus system: ¥
fuel cell + battery % %\ Backup power

performance testing
Single or shared ;

il Batter: Electric Ancillary services
ol G.pa -~ Stnrdg: Grid performance testing
Fast response and .

A Dynamic operation
grid support and control

1.5MW fuel cell to meet data center
requirements and future scale up

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Reduction of

 shaft 30% in energy

. furnace

and 40%
emissions vs
conventional

DRI processes

1 ton/wk
iron prod.;
scaled to
5,000
ton/day
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First Carbon-Free, “Power-to-Gas” System in U.S.

Flagship Power-to-gas Project [ el et

Funded By DOE EERE In Partnership With Southern
California Gas Company (SoCalGas)

pipeline quality natural gas (> 97% cH,)

* Biocatalyst used in the process -
Methanothermobacter
thermautotrophicus

Biomethanation Process:

’..:‘ - . - S A ) X
!;' = . ” U/ . S8 N ¢ LSy S
= ‘= = e . e e N A R

* Approx. $2.5 million funded through EERE’s Solar, Hydrogen and Fuel Cells, and Bioenergy
Offices along with cost share by SoCalGas

CO, +4H, - CH, + 2H,0

* Industry and lab partners: Southern
* Process uses a low-temperature water electrolyzer to produce hydrogen from renewable : H
power, then feeds the hydrogen and carbon dioxide into a bioreactor where methanogens Ca I |f0 rmia Ga S CO m pa ny’ N R E L an d
produce methane and water EIeCtrOChaea

* With minor filtration, the product gas from the bioreactor will meet pipeline quality,
allowing it to be injected into the existing natural gas infrastructure

Press Release
https://www.nrel.gov/esif/partnerships-southern-california-gas.html

Located at NREL, Golden, CO
U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



https://www.nrel.gov/esif/partnerships-southern-california-gas.html

Increased Activities on Integrated/Hybrid Systems and Energy Storage

Overview of Energy Storage Technologies in Power and Time

16w Pumped hydro | Increased
somw Hydrogen storage opportunities for
100iw nuclear and
1w b Image: Hydrogen Council hyd rogen
Hours  Days Weeks Season T
o 25 kW high-temperature electrolysis @ INL
H, energy storage o V' Energy Systems Laboratory

\ e —> .

Dynamic response

m

DOE Industry demos

FirstEnergy

s,

4 I;"’.‘/“ Salutions
\ == (| () XeelEnergy:
- Oaps

" i Multiple end use
Dynamic electrolyzer response — INL & NREL a p pl Ications Recently announced demonstrations
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Long Duration Energy Storage and Flexible Power Generation Analysis

NREL’s Techno-Economic Analysis of Long Duration Energy Storage- Preliminary Results across Technologies

NG-cC & &
HDV-PEM|Salt
D-CAES|Salt - [ Current Tech 120h ] oo
: NG-
NG-CCICCS — w/ H, coproduction ] |
HDV-PEM|Salt Stat-PEM|Salt
Stat-PEM|Salt
A-CAES|Salt P-TES
P-TES A-CAES|Salt
NG-CT HDV-PEM|Pipes
Eth-CC
PHS e ——— Eth-CC
HDV-PEM|Pipes R —— PHS
VRB — VRB
100 200 300 400 500 600 700 800 900 1000
LCOE 2018$/MWh 0

Vv

[ Future Tech 120h ]

[ — w/ H, coproduction ]

-
o
=<
D

e ——e

.-—
—

<—
e ———— T s —
—_

10q 200 300 400 500 600 700 800 900 1000
v LCOE 2018%/MWh

Natural gas combined cycle (NG-CC) is the
lowest cost option today
Wide Range of Costs for Various Technologies
$200 to >$1,000/MWh

Source: Hunter, et. al., 2020, NREL- publication in
U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Future Scenario: Shows PEM fuel cells (for
Heavy Duty Vehicle market), salt caverns + co-
production of H, may be most economically
competitive for 120 h storage
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U.S. DEPARTMENT OF ENERGY

Cost Reduction Efforts
Underway

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE
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Key Programmatic Areas

And includes later stage RD&D: Leverages

Includes early stage R&D: Funding Opportunity _ :
private sector for large-scale demonstrations and

Announcements (FOASs) for industry, universities
and national labs, including consortia

cost-shared RD&D. Demos in TX, FL, Midwest, CA
and more

Core Team:

. Government
National Labs 2 New Lab Consortia Funding H2@Scale “consortium”
Just Announced: ghaDAs
H2NEW and

T T ndustry National Million Mile Fuel Cell

S IEE Lab Truck Consortium SPPs
A CRADA = Cooperative Research and Development Agreement
&’ H gr?p|§,EN| e E!‘tgactaﬁzsgncwgﬁ SPP- Strategic Partnership Project (‘Work for Others’)
u)JMARC ‘ J MViat Over 25 CRADA projects with private sector

Recent round of H2@Scale projects announced (July 2020):
S64M for 18 projects including R&D and demonstrations at ports and datacenters, and a workforce development

program . Includes collaboration with Advanced Manufacturing Office and Vehicles Office in EERE

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE




DOE funded progress in cost reduction and what more is needed

Hydrogen Production Fuel Cells Hydrogen Storage
(PEM electrolyzer- low volume) (Automotive PEM fuel cell system- 100K/yr) (Carbon fiber 700 bar tanks- 100K/yr)
Cut cost by 90% since 2005 Cut cost by 70% since 2008 Cut cost by 30% since 2013
$20,000 $5% ¢ Cost trend since 2010 $300 $25
s18000 @ o
$16,000 e .o $250 @ $20 ¢ o
$14,000 om0 5 o
2 $12,000 © o 2 $200 ) . $_76/KW < $15 o
S $10,000 ol 2 $150 ® (Durability adjusted) 2 $16/kWh
$8,000 $800- 5 5100 ( N ) ®oe S $10
$6,000 & PY 1500/kW o000
$4,000 ‘ $50 $5
$2’O:8 %0 oo $0 $0
2000 2005 2010 2015 2020 2025 2006 2008 2010 2012 2014 2016 2018 2020 2022 2012 2014 2016 2018 2020
Note: 2010 to 2018-zero/limited HFTO funding on electrolysis Note: At 100k systems/year Note: At 100k units/year

PEM: Polymer Electrolyte Membrane

Need 3 to 5X cost Need >2X cost Need 2 2X cost

reduction to reduction to reduction to
$250-S300/kW S80/kW for HD Trucks S8/kWh

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



R&D focus is on Affordability and Performance: DOE Targets Guide R&D

Key Goals: Reduce the cost of fuel cells and hydrogen production, delivery, storage, and meet

performance and durability requirements — guided by applications specific targets

FUEL CELL R&D HYDROGEN TECHNOLOGIES R&D

Fuel Cell System Cost Production Cost Delivery & Dispensing Cost Onboard Storage Cost!

(electrolytic hydrogen) (700 - bar compressed system)

$180/kW*
/ . Silill.y{kWh .

$165/kW** Low-Volume

(Current)

I $ 1 1/ kg+ Liquid;ankers Estimate

Tube trailers

$6/kg" $9.5/kg
$5/kg* []
High-Volume
S76/kW SS/kg* . Sligr/kWh Pgrojection
100k/yr adjusted Liquid 8ttankers
1. $4.50/kg * ssihg
100k/yr $3_50/kg % ‘

Ultimate Target

® $30/kw @ S2/kg @ 52/kg @ $8/kWh

*Based on state of the art technology !5 to 7 cents/kWh, 90% capacity factor at $1500/kW *For range: Delivery and dispensing at today’s (2020) stations with tStorage costs based on 2019 storage cost record All costs based
. : . *5 to 7 cents/kWh, 90% capacity factor at $460/kW capacity ~450 kg/day

Based on commercially available fuel cell cars at 3,000 *For range: Delivery and dispensing at today’s (2020) stations with on 52016
systems/year capacity 450-1,000 kg/day at high volume manufacturing

Note: Graph is not at scale. For illustrative purposes only

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE 28




Fuel Cell Status vs Targets

Fuel Cell Stack Cost: Low to High Volumes

10,000

8,000

6,000

4,000

2,000

Stack Cost (2016 USD)

0
1,000

B GDLs

B MEA Frame/Gaskets
@ Membrane

O Balance of Stack

H Bipolar Plates

[ Catalyst and Application

Production Rate
(systems/year)

10,000 50,000 100,000 500,000

Automotive fuel cell systems

U.S. DEPARTMENT OF ENERGY

*GDLs: Gas Diffusion Layers

Fuel Cell System

System Specific Power

2020 Status

0.86 kW/kg | 0.9 kW/kg 2020 Meeting

100 £

Durability

Ultimate Targets

Cold start System Cost
from -20°C (100,000/year)
<30s | <30s $52/KW | $76/kW

$30/kw
Peak . System
Energy Efficiency Durability
64% | 70% 4130 h | 8,000 h

8,000 h

Program focus is heavy duty applications
Long Haul Truck Targets: $80/kW, 25,000 hour durability, 68% efficiency by 2030
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Cost of Hydrogen from PEM Electrolysis

Multiple studies show H, from PEM electrolysis can be much less than $7/kg.

Example - S5 to $6/kg at $0.05 to $.07/kWh

Current PEM Electrolyzer Hydrogen Production Cost Estimates ($/kg)

DOE I
Hydrogen Council I
EThree e
IRENA

-]
Bloomberg New
. -]
Energy Finance

$2 $3 $4 $5 $6 $7

Source: DOE Record 20004

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE




Electrolysis Cost — Recent Independent Analyses

Today’s Polymer Electrolyte Membrane (PEM) S2/kg H2 is achievable at about $0.03/kWh
electrolyzers require 65% - 75% cost electricity cost and high utilization
1,500 H, Cost Dependence on Electricity
10
CAPEX USD 450/kWe
65 - 75% 8 —  10¢/kWh
E e 8¢/kWh
e T ~—  6¢/kWh
o) 4¢/kWh
= 4
1,100 P 2¢/kWh
400
. 4 > — 0¢/kWh/
curtailmen
U. e —,
Today’s Cost System Cost 0 2000 4000 6000 3000 $003/ kWh
(1MW) Industry Target Source: US Industry H2 Full load hours
Estimates (System) Roadmap, March 2020 Source: IEA Hydrogen Future Report 2019 can gEt <$2/kg

* Launch H2NEW consortium on electrolysis to achieve <$2/kg ($100/kW stack target)
* De-risk deployment through systems integration

HFTO

Strategy . Ramp up scale through demonstrations — co-locate production and end use
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Fueling Station Cost Breakdown Scenarios (Gaseous vs. Liquid)

Hydrogen Fueling Station Cost Hydrogen Fueling Station Cost
(700 Bar, 800 kg/day Station, Liquid Supply)t (700 Bar, 800 kg/day Station, Gaseous Supply)*

Dispenser Chiller

14%

19%

Compressor
Dispenser 49%

Storage 5

20% 13%

Cryopump

42% Storage

15%

Capital Cost of Equipment, Uninstalled: ~$2M, assuming stations designed for high utilization. Key components of stations modeled
include: 1) 4 dispensers each, 2) cascade storage), 3) 2 compressors (if station supplied by gaseous hydrogen), 4) 1 high-pressure
cryopump (if station supplied by liquid hydrogen).

1. Source: Argonne National Laboratory, Hydrogen Delivery Scenario Analysis Model
2. Source: Applications to the California Energy Commission Grant Funding Opportunity 19-602
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Hydrogen Storage: Tanks and materials-based storage

Storage Goals: $8/kWh, 1.7 kWh/|, 2.2 kWh/kg Liquid H, and materials-based options offer

Current Status: $14-21/kWh, 0.8 kWh/L, 1.5 kWh/kg higher energy densities at low pressure

Hydrogen Storage Cost (700 bar Type IV system)*

Vinyl Ester Resin 140
4% ]

120

160

Other Tank
Components
10%

— 2 — [ 1
:100 /
N
Z 80 / i
[7]
o 60 /al -
a /

_ L T 40 |
BOP & Assembly c PAbN T_:: ]
34% arbon fiber

52% 20 1 |
0
Ry .
T

L0
FIFTFTELIITLESELS

» X ¥ ¥ ¥ T ET ST o R
¢ & F L S ¥ = £ £ &
S & §F & I & 5)%09
5 & Y4 ¢ S S

*At 100k units/yr for on-board
Near term: Lower C fiber cost to enable high pressure tanks
Long term: materials-based approaches for high density, low pressure storage

Strategy:
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Example of Preliminary Analysis: Comparison of Hydrogen Carriers

Baseline levelized cost of H, at 50,000 kg per day Argonne &

HNATIONAL LABORATORY

T 6.48 6.65

(s)]

L8]]

= Distribution
# GH,Terminal & Storage

® LHC Decom Pﬂsltiﬂl'l
» Transmission

® LHC Production
B H, Production

Cost, $/kg-H,
(¥% e

Using today’s conventional technology (not
using electrolysis)
All costs for 700 bar (delivered to station;

Methanol Ammonia MCH GH, excludes dispensing)

= At 50,000 kg H, per day, methanol produced at high volume in the gulf coast area, and transport to California can
be cost competitive with “locally” produced gaseous hydrogen.

»  Ammonia and methylcyclohexane have a cost premium over “locally” produced gaseous hydrogen
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SM
Hydrogen
Materials
Compatibility
Consortium

Cross-cutting Materials Compatibility R&D G) Mat

H-Mat Consortium conducts R&D on hydrogen effects on polymers and metals

Dispensing Hoses Storage Vessels

g!ﬂ?\ -

* Enabling the safe use of hydrogen across applications and the development of harmonized codes and standards

* Addressing hydrogen blending with natural gas, reducing expansion of seals, improving life of vessels through improved
understanding of crack nucleation, enhancing fracture toughness of high-strength steels, and more

® Over 40 partners with industry, labs, universities

@ Sandia o % OAK RIDGE @ ﬁiﬁo"n“a?"ééﬁétory Argonne &

Laboratories PaCIﬁg'lcmg[E?;gﬁrgRY National Labor: atory P EEATES R Y SAYARNAE RiYER MMEIKAEEBLE MATIONAL LABDRATORY

For More B Website: h-mat.org

Information [ Email: h-matinfo@pnnl.gov
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20% hydrogen blends could enable a doubling?
of U.S. renewables consumption

———————————————————

i TN 3 ~
| i, S - - -~ . N O O
T TR ek N .

% H,/NG blends vary widely from <1% to 30%. Up to 15% et
may be feasible without significant modification to existing . |
infrastructure N
“HyBlend”: R&D project to enable H, .
Hal
blending and address challenges f‘~<‘~
ARSI IV
1. U.S. Projected Renewable Energy Consumption in Power Generation in 2019: ~703 TWh (Source: AEO 2020) |
20% hydrogen blend in the U.S. by volume could enable 900 TWh of clean electricity to produce hydrogen via electrolysis. :

(Source: Elgowainy, et al, ANL, 2020)

AT 2NN E s (F L0
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Budget and Focus Areas

Hydrogen and Fuel Cell Technologies Office Funding FY 2021

EERE HFTO Subprograms FY 2021 B

Fuel Cell Technologies S25M
Hydrogen Technologies S71M )
Systems Development & $51M .
Integration (Tech Acceleration) o
Data, Modeling and Analysis S3M

Total $150M

Production: Water splitting — electrolysis (high and low
temperature), PhotoElectroChemical (PEC),
SolarThermoCHemical (STCH), biomass/biological

Infrastructure: Materials, delivery, components & systems
Storage: materials-based, carriers, tanks, liquid
Fuel Cells (FCs): materials, components, systems, reversible FC

Systems Development & Integration: Tech Acceleration includes
hybrid/grid integration, new markets, heavy duty, energy
storage, manufacturing industrial applications (e.g. steel) safety,
codes, standard, workforce development

Coordination with additional activities in DOE Offices of Fossil
Energy, Nuclear Energy, ARPA-E, Electricity, and Science

*Will be moved under Hydrogen Fuel R&D in FY 2021 Note: Office of Fossil Energy covers fossil fuels to H,
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“No one can whistle a symphony. It

takes a whole orchestra to play it.”
- H. Luccock



Examples of Global Collaboration

Coordinating across global partnerships: IPHE, Ministerials, Mission Innovation, IEA, etc.

Global Center for Hydrogen Safety established to share best practices, training resources and information

The International Partnership for
Hydrogen and Fuel Cells in the Economy

Enabling the global adoption of hydrogen and fuel cells in the economy

IPHE Webinar: China
Korea Country Update Country Update Country Update

New Chair: Dec 2020:

1N
I&&i&

EfR|E|RE|E[& | B(B| E |§[8|8[&|8 8|8 E |E

The Netherlands e - | - - Resources by Country
_ et Vice Chairs: U.S. Japan | == - |- = - IPHE Newsletters
www.IPHE.net 1= S L

e o bt et

W Edition 1 2020 Newsletter
Hydroge Celebrating Global H
Fuel C

Key Activities: Harmonization of codes & standards,
Information sharing on safety, policies, regulations,
analysis, education. — W — FTEE

International H2 Day

BIB(E|B|E G| B |8 |6 B|EEEREE|E

THHEHOEEHOE

Campaign

Task force on developing H, production analysis

ecucing e Pt o R —y

methodology to facilitate international trade, global = =
RD&D monitoring

Hydrogen and Clean Mission Innovation International
Energy Ministerials Hydrogen Challenge Energy Agency

HAPPY HYDROGEN AND
FUEL CELL DAY!

2020 | wwww.iphe.net

rship [ @the_ipHe | atydrogenniow | #FuelCelisow
| Cells

BB |B|3[8|8[E|E

BB |E|B(G|E[E\8
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Hydrogen Production Analysis Task Force (H2PA TF)

Addressing Priority from Industry and Governments
* Harmonize approach and develop framework to
facilitate global trade of hydrogen

Scope
* Develop a mutually agreed upon analytical

methodology for determining greenhouse gas (GHG)
and other emissions associated with H2 production.

Next Steps and Engagement

e Continue to engage stakeholders, industry and
experts to develop framework for methodology

California LCFS / TUV SUD CMS70

AFHYPAC/ BEIS / CEN-CENELEC / CertifHy

Embedded
Emissions
in CAPEX

Feedstocks &  Transport /

Hydrogen
Energy Inputs Transmission

Generation

End
Use

Transport / Refuelling /
Distribution Supply points:

—&

End
Of life

-@
Point of

Production

Boundaries <€ Well-to-tank

—@
Point of
Use
Tank-to-

wheel
A -

of the Wel l-to-wheel

v N

Carbon Cradle-to-Gate

A A

Gate-to-grave

»
<

Accounting

A

Cradle-to-grave

__ system

< Whole life cycle GHG emissions

Y.Y 47

(Source: Abad et al., Energy policy 138 (2020) 111300)

Application of methodology will help facilitate market valuation and global trade in ‘clean’ hydrogen by
recommending a common approach with adoption not mandatory and subject

to each member’s discretion and circumstance.

T e o




U.S.

— Japan Collaborations

The U.S. and Japan have been collaborating on hydrogen and fuel cells for many years

— Engagement through international partnerships .
and initiatives including: o MRICH BIKE - RIS OSSR KOBET

— Collaboration with DOE National Labs

— Joint research including on materials
compatibility and safety codes and standards

I I il I lo I

. . 29" Steering Committee Meeting Open Event
I PH E (Japan and US are vice Cha | rS) IFHE | ternational Partnership for Hydrogen and Fuel Cells in the Economy

Hydrogen Energy Ministerial (HEM)
Clean Energy Ministerial (CEM)
Mission Innovation (M)

International Energy Agency (IEA) Technology
Collaboration Programs

Examples: HySUT, NEDO, data collection with Toyota,
Honda and Nissan, fueling models with Kyushu University %
and more!

29" |PHE Steering Committee Meeting
Friday May 11, 2018 Kobe, JAPAN

Carbon-Neutral Energy Research (I12CNER) at Kyushu
University
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Complementing retail stations: H2Refuel H-prize

Industry using SimpleFuel
refuelingsystem for forklifts

Small scale H,
fueling system

in'Japan now available
S1M H-Prize
Winner:
SimpleFuel
ST ple Mcphya Encry (MA) 5 to 20 kg unit

PDC Machines (PA)

700 bar fueling

Email:

connect@ivysinc.com
e
More info: ;’j ff;:-\ﬁ
r B -

www.teamsimplefuel.com 4 -
y 4 —

el

L

e S e P DR
O*WYSIHQ_._",__; “ eserved 20106 o T :’?‘)~_{

e TN
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Example of Collaboration: Global Center for H, Safety (CHS)

IPHE Steering Committee action: Increase awareness of safety and partnerships

Promotes safe operation, handling and use of hydrogen across all applications.

Information to be available in

@ AIChE : Hydrog e e

H Yy dro ge !1 Hyd rog SAFETY

multiple languages

Council

Connecting a Global Community
h Pacific Northwest
ySafe NATIONAL LABORATORY o
Safety Panel KEEMELTOKERAT—/a /R BELICHERTED
Includes over 40 partners HY e L
H Emergency Response 3 4 : N - -
from industry, government Training Resources Li B e BEPTM AT R F— R THY, LRGSR TS,
d d . DI, ARG ORI B DV TR TN AT LT EICER
and academia . - . TABEL B, MEAT > AR EABECEV) . ELRROTHI
Access to>110 countries, 59 ELIPEET RSN R B E DN TREENTLS,
n 12

60,000 members N a M PR RO T T SV S THENT B, £

g ST oA L SO SRR RE X IHE N B0 KR
srumn | vomoms 2HTHS.
22 9RGTRSZR 24305

EHEDFFOKEFIH

HEiF B B AR E OO IRLF— R
HSAESNTING, KEEIFLF—FrUT—EL
THEFNT S,

EXDEFONKEF A
A, ki, BB AR FOMOT ) UE— R
X naﬁanrm KERGTHLF—F+UT—EL

CENTERFOR KBZHZ LB #— & mmemes

” r s lE¥PRI= wa/@)ﬁﬂ!ﬂ
a G, R, BT ARNORL S AL
HIEFEELT, M7y 7P N e
Sl TEOTIIevavOETt Q y ﬂ n ':
EEAORO SRR IL¥TH TEMm  RITH EXRKD g 60 IE HIHE R E

@ > y e = e
SAFETY ? fbg Eﬂ ﬁnl* Eﬁiﬂ F
7Fh 60 I HEH R N o mkt 000 &
Connecting a Global Community B  CncThistrmconnt v mdakss = k$) 2058407 1 28 e
“| FRAED
ey
www.aiche.org/CHS b L e
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What can you do?

Get involved!

Follow @the_iphe
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IPHE E&O Working Group Early Career Network

o Established by IPHE’s Education & Outreach (E&O) Working Group to
promote international H, and fuel cell awareness and launch a platform for
the next generation of H, and fuel cell leaders

o Open to students, post-docs and early career professionals

Stephanie Azubike
Chair

Learn more: iphe.net/early-career-chapter

Membership form: https://forms.gle/gUnWyV7gU4QqoHLm7

FOLLOW US
#HydrogenNow eThe IPHE n PHE
Priya Buddhavarapu
#FuelCellsNow iphe.net m IPHE Co-Chair
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Resources and Events

Save the Date

Week of June 7, 2021 Annual
Merit Review and Peer
Evaluation Meeting for the
Hydrogen and Fuel Cells Program '

%4 Oct 8 - Hydrogen and Fuel
l % CellsDay 1

= (HeId on its very

€. 7_ ’ . ':‘ - .
— own atomic

in Arlington, VA weight-day)
Hydrogen
Resources
INCREASE YOUR .
Join Monthly energv.goy/eere{fuelcel!s/fuel-celI- Visit H2tools.Org For Hydrogen
H ‘ ‘ | H21Q Hour Webinars technologies-office-webinars Safety And Lessons Learned
" "= . Download energy.gov/eere/fuelcells/downloads/ https://h2tools.org/
H21Q For Free increase-your-h2ig-training-resource

Sign up to receive hydrogen and fuel cell updates

www.energy.gov/eere/fuelcells/fuel-cell-technologies-office-newsletter

Learn more:

Learn more at: energy.gov/eere/fuelcells AND www.hydrogen.energy.gov
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Thank You

Dr. Sunita Satyapal
Director, DOE Hydrogen and Fuel Cell Technologies Office
Sunita.Satyapal@ee.doe.gov

Looking for more info?

#H21Q

hydrogen.energy.gov
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