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U.S. energy mix covers wide of energy sources

U.S. energy consumption by energy source, 2017

Total = 97.7 quadrillion
British thermal units (Btu) Total = 11.0 quadrillion Btu

_~geothermal 2%

T SOIaf 60/0

— wind 21%

biomass waste 4% |

biofuels 21% bicmass

45%

wood 19%

hydroelectric 25%

Note. Sum of components may not equal 100% because of independent rounding.
Source. U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 = oy
and 10.1. April 2018, preliminary data o
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Hydrogen is part of an all-of-the-above portfolio

Many applications

H, can be produced
from diverse rely on or could
domestic sources benefit from H,
Natural Gas Fuel Cells
Engines/Turbines

(steam methane reforming

current process today)
Energy Storage
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Clean, sustainable, versatile, and efficient energy carrier
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4 Key Messages
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Upward trend with global fuel cell shipments
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Portable

2016 2017
B Transportation

(4) 650 MW

fuel cell power
shipped worldwide

$ 70,000

fuel cell units
shipped worldwide

@ Approximf\tell/
S2 Billion

fuel cell revenue

Source: DOE and E4Tech

Electrolyzers: Over 100MW/year estimated global sales

*Courtesy of NOW, E4tech and partners: A collaborative effort to assess electrolyzer market potential
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An exciting time for the transportation sector

Commercial
fuel cell electric
cars are here
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& No petroleum, no pollution
& Refuels in minutes
@ More than 360 mi driving range

- _ ‘ ol Ticsan EeP : & Over 60 mpgge
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Interest in material handling equipment applications

More than 20,000 forklifts

Over 13 million refuelings

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



Long-Range, Heavy Duty Applications Emerging

_.d-—"ﬂf\— o

Fuel cell delivery and parcel trucks ‘ Industry demonstrates first
starting deliveries in CA and NY heavy duty fuel cell truck in CA

-

o %~ \
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Multiple H, and Fuel Cell Applications in the U.S.

U.S. Snapshot

Over

Backup Power

More than

Forklifts

More than

Fuel Cell Buses

More than

H, Retail Stations

Fuel Cell Cars

200 stations planned by 2025, 1,000 by 2030

More than

S180M*

The total amount states
have invested in H,
infrastructure in the
past decade*

CA

HI, OH, SC, NY, CT, MA, CO, UT,
* 1,000 stations by 2030

* Over 30 public stations open
¢ S$150M invested
* $235M announced in 2018

TX, MI, and others with interest

e Over $27M invested
* 12-25 stations planned in the NE
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*Excludes recent announcement from CA to invest $235M in electric vehicles
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Remaining challenges being addressed

Cost and durability
Infrastructure cost,

availability, reliability



What can we learn
from history?



Henry Ford’s

Quadricycle in 1896 to FORD CARS

1909 MODELS

M Od el T i n 1908 The enormous demand for the new 4-eylinder

Model “T* touring car makes it imipossibie for us
to get these cars on short notice; deliveries will be
made strictly in the order given. If you want ome
of these cars, see us soon.

$850 f. 0. b. factory
Colorado Auto Supply Co.

Distributers
8-10 E. BIJOU STREET

Three or four splendid eecond-
hand cars for sale cheap.




Technology targets in various applications guide R&D

iy L= Y B ofs

Light Duty Truck Forklifts Back-up Power Stationary
(MD) (5-kW) (5-kW) (25-kW)
T 320 N 56,100 m $7,400 m $3,000
* 5230 , $200/vr A $100/’yr / S100’/vr A Toojyr
m $180*
) )
£ >
m‘ S
L L L g
100K/yr 10K/yr 10K/yr 10K/yr
v ‘l’ v v v
O 500K/yr 100K/yr O 50K/yr N 50K/yr [ 50K/yr
Targets ™ High-Volume Projection M Low-Volume Estimate

*Based on commercially available FCEVs 'Based on state of the art technology Note: Graphs not drawn to scale and are for illustration purposes only.
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Fuel Cell Cost Breakdown

Key cost contributors are stack components

Focus on catalysts, membranes, bipolar plates, etc.

1,000 Systems/Year 100,000 Systems/Year

500,000 Systems/Year

M Bipolar Plates

® Membranes

m Catalyst + Application
B GDLs

®m MEA Frame/Gaskets

m Balance of Stack

U.S. DEPARTMENT OF ENERGY
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More R&D needed to meet affordability targets

On-board Storage
(700-bar compressed system)

$24/kWh

Production, Delivery & Dispensing

$17/kWh

$ 10/kg 100K/yr
to $15/kWh
SS/kg 500K/yr

@ <54/gge @® $9/kWh

Targets ™ High-Volume Projection M Low-Volume Estimate

Note: Graphs not drawn to scale and are for illustration purposes only.
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U.S. Dept. Of Energy H, and Fuel Cells R&D Focus

Applied research, development and * Energy security
innovation in hydrogen and fuel cell * Energy resiliency
Focus technologies leading to: * Strong domestic economy

Early R&D Areas

Early R&D

\_ 5
Enabling
Fuel Hydrogen Infrastructure
Cells Fuel R&D -
* PGM- free * Production * Safety @2@SCG|Q
catalysts Pathways « Manufacturing 1 |
* Durable MEAs * Advanced * Delivery
e Electrode materials for components
performance storage e Others
PGM = Platinum group metals
MEA = Membrane Electrode Assembly
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Fuel Cell Technologies Office Funding - FY 2019

Total FY 2019 EERE FCTO Funding: $120 M

Hydrogen
Infrastructure
R&D
Safety Codes and\ 18% Fuel Cell R&D
Standards 25%
6%
Technology
Acceleration
17% Hydrogen Fuel R&D
32%
Systems Analysis/

2%
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Vision
H2@Scale: Enable
affordable, reliable,

clean and secure energy
across sectors



H,@scale: Enabling affordable, reliable, clean,
and secure energy across sectors

Hydrogen
Vehicle

Conventional Storage

Synthetic
Fuels

Upgrading
Oil/
Biomass

v
Ammonia/
2 /' Fertilizer
N,

Metals
Refining

Renewables

Hydrogen
Generation

Electric Grid

Infrastructure
Fossil

Other
End Use

Heating

Gas
Infrastructure
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H,@scale can enable increased renewable penetration

Top Countries for Renewable Electricity Installed

© G

Renewable Electricity
£ China
& United States
&) Braazil

£y Germany
& Canada

Source: 2016 NREL Renewable Energy Data Book

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



Record-Low PPA Prices for Utility-Scale Solar

USS/MWh
250.0

I@}I

200.0

150.0 Saudi Arabia: World-record-
low bid by EDF and Masdar

I@I failed to be shortlisted by
0.0 | REPDO. Instead, a higher bid
100.0 2000 >>- submitted by ACWA Power

' (USD $23.4/MWh) won.

. = = w
>0.0 91.2
59.0 ‘ _ 500 471
0.0 ' IR

Dec-09 Jan-11 Aug-11 Aug-13 Jan-14 Jan-14 Jun-14  Jul-14  Jan-15 Mar-15 Feb-16 May-16 Aug-16 Sep-16 Oct-17 Nov-17 Nov-17

Peru Ghana Peru South U.S. U.s. U.S. U.S.  Morocco US. U.S. UAE Chile UAE Saudi Chile  Mexico
Africa Arabia

Source: GTM, DOE Solar Technologies Office
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Hydrogen Energy Storage is Scalable

Overview of Energy Storage Technologies in Power and Time

Lew pumped hydro One hydrogen

Compressed air cavern
oMW could provide
~ 100 GWh
Hoow energy storage
1 kW Super

Capacito

Hours Days Weeks Season

Image: Hydrogen Council

Hydrogen can be used to monetize surplus electricity from the grid, or
remote, off-grid energy feedstock (e.g. solar, wind) for days to months.
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DOE Global Energy Storage Database

Installations Over Time | ISO/RTO | Top 10 Countries Use Cases

DOE Global Energy Storage Database

Last Updated 8/16/2016 1:25:38 PM

op 10 Countries by Installed Capacity

Technology
(Muttiple values) -
Russia Status
0 tional
Canada perationa -

. Electro-chemical
. Electro-mechanical
. Hydrogen Storage

e . Pumped Hydro Storage
™ - B thermal storage
= OpenStreetMap contributors
30.0
400
2]
z 8
RER
‘%’ 20,0 E
§ 5
7]
=z 200 £
B 1o 3
0.0 0
China Japan United States Spain Germany Italy India France Korea, South Switzerland

China and the U.S. in the lead: # GW and # of projects

Source: DOE Office of Electricity and Reliability
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H,@Scale: Enabling renewable energy transport?

Where we find abundant solar and wind energy

it . ' R - -
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...and deliver it or co-locate distributed generation
with demand for certain applications

The population of the United States
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H2@Scale: Nationwide Resource Assessment

Assessing resource availability. Assessing cost of H, vs

Most regions have sufficient resources. electricity transmission

Red: Only regions where projected industrial & (,'n process)
transportation demand exceeds supply.

Hydrogen Potential From Photovoltaic and Onshore Wind Resources Minus

Total Hydrogen Demand for the Industrial & Transport Sectors
I/ . Total kg of Hydrogen per County, Normalized by County Area

3500 A
" 3000
-
[%]
o]
2 2500
< -
o Electricity
(7] . .
Rl Transmission
£ 2000
%2}
<
P &
lfl;"‘ Iy 1500 °
Rigy, I“""Rl’ 2
b "
Lrg £ ]
; 1000
A
3 X
~
hdd 500 Hydrogen
B - .
Pipelines X
rogen Nuclear [urgy Plants This analysis represents potential generation from utility-scale photovoltaics and his Mg was produced by the °
{metric ton/mi'fyr} anshore wi roes mi ' tory
. ) refineries, X 0
Bl 2000-4500 @ Currently Operating transp - lig ohi h .
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IPHE: International Partnership for
Hydrogen and Fuel Cells in the Economy

* Increase international collaboration to accelerate | U.S. elected

progress Chair May
2018

* Working Groups:
Japan Vice Chair

* Regulations, Codes and Standards, Safety EC, Germany, France

e Education & Outreach ST SUEEE
G S
[. France o9, Republic of Korea
I
mimmm Norway
:- Iceland i Russian Federation
® | India ﬁ South Africa

V
R

- China [I Italy rales United Kingdom

- European Commission @® | Japan United States

M

Launched 2003 and includes 18 countries and the European Commission
Coordination with IEA, Mission Innovation, and Energy Ministerials
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Safety Resources and Models Available

H2Tools.org disseminates Hydrogen Risk
information on hydrogen safety Assessment Models
(HYyRAM) for risk

analysis under various
scenarios. Can be applied
to develop:

A Global Resource
More than 250,000 visits since 2015 - 50% are international
Portions translated to Japanese, other languages underway

* Conduct Quantitative
Risk Assessment (QRA)
to guide code

l requirements

e Assess Liquid Hydrogen

w Separation Distances
VY HYRAM

HYDROGE Rl AESESSMEMNT MODELS

1 I 10960
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Data Sharing Opportunities

Data Validation of Real World Applications through the NREL's NFCTEC

* Data products provide insights on technology improvements, issues and gaps

Soy

INFRASTRUCTURE

/oy (3E)
BUSES PRIME POWER
NFCTEC: The National Fuel Cell Technology Evaluation Center
. o Example: Sources of H
To Participate P , 2
Infrastructure Maintenance

techval@nrel.gov %
Models “Toolbox” Online
Total Events:

* Financial, technical and economic % 3 140
models covering H, infrastructure,
jobs, and more.

* Visit:
energy.gov/eere/fuelcells/hydrogen
-analysis-toolbox

Compressor
Dispenser
Entire

Storage

Reformer

Thermal Management
Other chiller, Feedwater

m O

Most maintenance related to
compressors and dispensers
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Opportunities for outreach and to increase awareness

Celebrate National Information and
Hydrogen & Fuel Cell Day | Training Resources to

October 8 or 10/8

(Held on its very own atomic- weight-day)

Increase Awareness

INCREASE YOUR

e

Download for free at:
energy.gov/eere/fuelcells/downloads/
increase-your-h2ig-training-resource

Hydrogen

Learn more at: energy.gov/eere/fuelcells
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energy.gov/eere/fuelcells/downloads/increase-your-h2iq-training-resource

It is literally true that you
can succeed best and
quickest by helping others
to succeed

- Napoleon Hill




Thank You

Dr. Sunita Satyapal
Director
Fuel Cell Technologies Office
Sunita.Satyapal@ee.doe.gov

energy.gov/eere/fuelcells
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