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Overview

* H, and Fuel Cell Intro
* Technology Status

* Key Focus Areas and
Opportunities
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Why Hydrogen and Fuel Cells?

Internal combustion = Natural gas

engine in a car » Renewable sources

(wind, solar,
biomass, etc.)
Fuel cell in a car : : = Nuclear

= Coal

Efficiency

& Convenient & Quiet

Refuels in minutes No noise in operation Zero tailpipe emissions

B i iy g o]

Transportation Stationary
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Hydrogen as an Energy Carrier

Multiple sources
can be used to
produce H,

Many applications
rely on or could
benefit from H,

Natural Gas

(steam methane reforming
current process today,

Fuel Cells
Engines/Turbines

$4.50/GGE at scale) A
Energy Storage
Renewable
Sources Petroleum
(wind, solar, chox_/e'ry &
biomass, hydro, Hydrogen efining
geothermal) | Clean Energy
Carrier Methanol
Nuclear Production
~
\‘? Electronics
Coal (3\0 Ammonia
(with carbon Production
sequestration)

Metal Production &
Fabrication
Food

Cosmetics g
Processing
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Very High Specific Energy

Specific Energy Comparison (kWh/kg)

sl

gasoline diesel

natural gas hydrogen

About three times more energy
by mass than gasoline. But
worse in terms of volume.

Clean, sustainable, versatile, and efficient energy carrier
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The Beginning of the DOE Fuel Cell Program...

19705 A group from labs, government and industry met at Los
Alamos to set the foundation for DOE fuel cell programs

Lab researchers taught scientists around the world how to fabricate
fuel cell electrodes. Group from GM relocated to Los Alamos.
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Forty years later, for the first time in history....

Commercial
fuel cell electric
cars are here!

> Hyundai Tucson Fuel Cell SUV

"‘ g v 9‘ = .

Power, performance,
petroleum-free, pollution-free

& Refuels in minutes
& More than 360 mi driving range

ié .. & Over 60 mpgge

‘K A ; /’ § rA —/’—.h

"D

Honda Clarit



Hydrogen refueling stations: strong State support

Retail: In Development
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Others with interest: Hawaii, Ohio, Texas, Colorado, South Carolina, and others
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Life-cycle Emissions- Today’s Cars

Low, Medium & High Emissions/Mile for 2015 Technology

6 p 6o o> G

Fuel Cell Electric Battery Electric Extended-Range Hybrid Electric Internal Combustion Engine
Electric Current gasoline ICEV: ~450

Honda Civic -m

Nissan Versa -m

Chevy Cruze Diesel -m
Honda Civic CNG -m
Toyota Prius | | 254 |
Chevy Volt -m
| [230

HE
Toyota Mirai (NG) -m

Toyota Mirai (33% Renewable) .

160 210 260 310 360 410
Grams of CO2e per Mile

. . Source: Program Record 16004
J 0] nt VTO' FCTO An d |y5 IS Exa m p I e (https://www.hydrogen.energy.gov/pdfs/16004_life-cycle_ghg oil_use_cars.pdf)
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Life-Cycle Petroleum Use- Today’s Cars

Low, Medium & High Petroleum Energy/Mile for 2015 Technology

ép o b > G

Fuel Cell Electric Battery Electric Extended-Range Hybrid Electric Internal Combustion Engine

Electric Current gasoline ICEV: 4300

Honda Civic -m
Nissan Versa -@
Chevy Cruze Diesel -m

Honda Civic CNG 98

Toyota Prius .@

Chevy Volt B 1340
113
109
Toyota Mirai (NG) || 226
Toyota Mirai (33% Renewable) H 178
(IJ 5(|)o 1o|oo 15|00 zoloo 25|oo 3o|oo 35|oo 4o|oo 45|oo

Btu of Petroleum Energy per Mile
‘lo I nt VTO- FCTO An a IyS I S Exa m p | e Source: Program Record 16004 (https://www.hydrogen.energy.gov/pdfs/16004_life-cycle_ghg_oil_use_cars.pdf)
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2016 Global Shipments — Trends
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Total power (in MW)
shipped by application

Growth in Transportation

Transportation

2014 2015 2016
M Transportation Portable Stationary

Total power (in MW) shipped
by fuel cell chemistry

Growth in PEMFC
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quI(ZQII I|c}c,)|v\vlyr $fuel cel

shipped worldwide shipped worldwide

999 3) 16 piion

uel cell revenue
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Source: DOE Fuel Cell Technologies Market Report. Available at: https://energy.gov/eere/fuelcells/market-analysis-reports



https://energy.gov/eere/fuelcells/market-analysis-reports

Heavy Duty Vehicle Applications Emerging

Fuel cell delivery and parcel trucks Fuel cell buses in CA surpass 17M
starting dellverles in CA and NY passengers

Industry demonstrates first ZHZ U.S. Army and GM coIIaboratlon
heavy duty fuel cell truck in CA First of its kind
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Stationary Power Applications Emerging — Examples

Fuel cells provided backup power during Fuel cells used to power
Hurricane Sandy in the U.S. Northeast new World Trade Center in NYC

\._ v, E V- "

Fuel cell power for maritime ports Ove

e

e

35 MW i fuérl-ceili sf:;\tionary power

demonstrated in Honolulu, Hawaii installed across more than 40 US states
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Fuel cells operating all over the U.S.

Fuel cells used for backup power in more than 40 states

in stationary fuel
cell power
installed

Telecom, Government, Railroad, Utility sites

Telecom, Government, Railroad sites

Telecom and Government sites

Government, Railroad, Utility sites

Telecom sites

Government sites

Railroad sites

Over 8,000 backup power units ity sites

Government and Railroad sites

deployed or on order

Telecom and Railroad sites

Source: DOE State of the States: Fuel Cells in 2016 Report
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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.




DOE Cost Status and Targets

Fuel Cell R&D Hydrogen R&D

System Production, Delivery & Dispensing Onboard Storage

(700-bar compressed system)

$180/kW* $16/gge* $24/kWh
to
$10/gge

$50/kW+ $17/kWh

57.5*/gge 100K/yr
t S$15/kWh
$45/kW+ $5**7gge 500K/{r

® $40/kW @ <54/gge ® $S10/kWh

@ 2020 Targets | High-Volume Projection B Low-Volume Estimate

*Based on Electrolysis **Based on NG SMR * Preliminary, updates underway
Onboard storage cost status from DOE Program Record 15013

Note: Graphs not drawn to scale and are for illustration purposes only.
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H, Production from Diverse Domestic Resources

Broad portfolio of near- to longer-term H, production
technologies addressed through early-stage R&D

Continued Innovation is Needed across the Spectrum of Options

: Coal. PBloma:ss Nuclear-
rocessing rocessing Based

Natural Gas Waste to Grid H,0
Reforming o H Splitting

S
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“ Widespread Adoption Timeline
FOSSIL RESOURCES WASTE/BIOMASS WATER SPLITTING

> Low-cost, large scale H, » Options included biogas reforming J | > Grid electrolysis is proven process
production with CCUS options & fermentation of waste streams being improved with innovation

> New options offer scalability and »Byproduct benefits include clean »Emerging nuclear/solar options
byproduct benefits (e.g. CHHP) water, electricity & chemicals offer long-term sustainable H,
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H, Production R&D

Pathway using domestic natural gas can be competitive today

Portfolio Covers*: Projected Production Cost™* by Pathway

. PEM Electrolysis
3¢-8¢/kWh electricity

e Waste and Biomass
S6 l High-T Electrolysis
° Wate r-Sp| itting 3¢-8¢/kWh electricity
~ $5 l Biomass Gasification
*examples :': $40-$120/ dry short ton
L ¢4
S~
Vv

Cost by Component

High-T Electrolysis Example 53 2020 target:
Production
[ $2
Ca’p'_i"i:a'l Costs Fossil Resources (broad range of projected spot prices) ( 7:; )
Electrical j : ;g;k $0
Energy Costs /"« Indirect
i 2005 2010 2015 2020
*Ranges with sensitivities to feedstock price variations
2\ [ oam cost | Con.sortlun.1 ‘
e ol o | leveraging National & HydroGEN
11% La b Ca pa bi I ities F Advanced Water Splitting Materials
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H, at Scale Energy System

Power Value Added
Generation App"cations
Electricity Hydrogen/

Natural Gas
Infrastructure

Hydrogen
Vehicle

Storage/
Distribution

Solar PV

Ta0asNY®

Synthetic |
Fuels
3>
Natural Gas/ —
Coal A\ Upgrading | ;C:?
: Qil / B

Biomass |

Nuclear,
Thermal,
Geothermal, etc.

Ammonia/
Fertilizer

Hydrogen
Co, Generation

Metals

Other Refining

End Use

*|llustrative example, not comprehensive — \wo
Source: NREL
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H, at Scale Energy System

Value Added
Applications
Hydrogen/
Natural Gas
Infrastructure
Wind Hydrogen A
Vehicle P
Power
@ Generation

Nouw.aods‘w

Synthetic
Fuels
Hydrogen
Solar PV Storage/
Distribution Upgrading
Oil/
g Biomass
599

Geothermal

Nuclear .
Hydrogen Other Metals
Generation

End Use Refining
Concentrated Solar Power

S~
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How much H, is needed?

How much hydrogen for 1 car?

12,000 miles per year — 200 kg or 0.2 tonnes

60 miles per kilogram peryear per year

How much hydrogen for many cars?

1Mcars |0-2Mtonnes| | 100 Mcars| 20M tons

conae| HPeryear | | oo oo | Hoperyear
mtmt =t 200 M kg =t 20B kg

& =100000ars | H, peryear & =1Mars | H, peryear
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Hydrogen Production Sites in the U.S.

-{\i” S - Hydrogen Production Units in the United States
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Suite, £12016,

Hydrogen Production Units
{Gaseous, melric tons/day)
0-50
50 - 100
100 - 200

200 - 400

400 - 800

Hydrogen Production Type

{metric tons/day)
B By-Product: 1,200
| Captive: 10,860
Merchant: 9,520
Total: 21,580

Liquefaction Plants
{metric tons/day)

& 0-30

@ 20-65

U.S. Pipeline Network

There are 1,600 miles of hydrogen pipelines

Interstate Matural Gas Pipelines
— Intrastate Matural Gas Pipelines
— Hydrogen Pipelines

iiNREL

MNATIONAL RENEWABLE ENERGY LABORATORY

Data Source: IH5 Chemical Economics Handbook Hydrogen Report,
June 2015. Matural gas pipeline data extracted from ABB's Velocity

U.S. annual hydrogen production Largest Users in the U.S.
11: . Petroleum o Fertilizer 0
10 million metric tons § 5 oocino |68% | production | 2170
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Example of H, and Electrolyzer Benefits

Capacity H, can supply GW-scale energy storage
10 GW
_ Geographical

100 MW+ Compressed air capacity constraints Hydrogen storage'
10 MW
1MW
100 kW
10 kW
1 kW

Source: Hydrogen Council

Minute Hour Day Week Season

Discharge duration

Preliminary analysis- to be updated
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Example of H, and Electrolyzer Benefits

H, can be cost effective for long duration storage

52'00 , l “&Qe’
/ °
| 1
/

.: Geologic
3 s1s0 ' g
o I
- |5
g 13,
; 51.00 [ Geologic
0
a Source: Hydrogen Council
<
0
a 5050

Geologic
L
0 Geologic

>
S ' Geologic
$0.00

----- Optimistic Battery: nRT=90%, $290/kWh,
14405/kWw, Feed.E =4.2¢/kWh

= = @ o Pessimistic Battery: nRT=60%, 5550/ kwh,
33005/kW, Feed.E =5.4¢/kWwh

e Dist FC.Near-Term

$700/kg

e )5t FC.Mid-Term Tanks

Dist.FC.Long-Term ~100 bar

e (entral FC.Near-Term
e (entral FCMid-Term

e (entral FC.Long-Term

$7/kg

Geologic
o (entral, Turb. Mid-Term 80 bar

e (cntral, Turh.Near-Term

e (enitral, Tuth.Long-Term v

1day 2days 3days 4days 5days 6days 7days

Preliminary analysis- to be updated

Days of energy storage
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Examples of H, and Electrolyzer Benefits

First ever validation of real time grid
simulation with electrolyzers

San

Daly

Francisco 3

City !

ich

aq i
“ Q‘ T aklam\f\
) \

) Se—
&
&

NG| y
S1: 60 simulation nodes| . &

69kV Subtransmissic=_ 08
H Sy

S2: 48 simulation nodes ’

e

S4: 36 simulation nodes!
115kV Subtransmission

Qd @ ,

. 1
S RW

\
*)SaniLedndro

115kV Subtransmission

53 72 simulation nodes) _

[138kV Subtransmission | Subtransmrsswn

,'

E Concord

San Ramon

&

“San Jose

Preliminary analysis- to be updated

50.99 50.99
150, | Esg.gasg@-

g 0

7 5098 5 5098/

0 0

; :

;;59.975- %59.975

50.97 -

0 10 2 N 4 59'970 0 20 30 40

fime (second) fime (second)

First independent validation of frequency regulation with
electrolyzers and sub-second response times (INL, NREL)

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

FUEL CELL TECHNOLOGIES OFFICE



Market Potential for Hydrogen Demand

60 Million Metric Tons of Hydrogen/ Year

Total Hydrogen Demand for the Industrial Sector MU'tIp'E

Metric Ton H2/yr. Normalized by County Area Ind ustries.
Preliminary ’

Refinery
Metals
Ammonia
Natural Gas
Biofuels

LDVs

Other
transportation

B 19.9-12,677
B 8.9-19.9
" 4989
| 2.3-49
0-23

Total Demand (metric ton H2 per sq mi/yr)

=

n | ]

St

MNATHONAL RENEWABLE ENERGY LABORATORY

Total: 24,117,925 metric ton H2/yr.
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H2@Scale: Nationwide Resource Assessment

Hydrogen Pote

Nt
Hydrogen Nuclear [ne[gy Plants This analysis represents potential generation from utility-scale photovoltaics and Thits map was p ed by the
(metric ton/mi*fyr) onshore wind resources minus total hydrogen demand from the industrial sector. National Renewab rgy Laboratory
e i refineries, biofuels, ammonia and natural gas systems [metals are not included) and the fot the US. Departrment nergy

B 2000-4500 @8 Currently Operating transport sector: light duty vehicles and other transport. The data has been normalized o o T e og Sne”
Nicholas Gilro arch 27,2017

[ 1,000 - 2,000 N Jing by area at their respective spatial scales, and then summarized by county, 5= ¢

— . nNouUNnc etirement -

| 350- 1,000

— s Data Source: NREL analysis " »

[ | 0-350 O Recently Retired Robson, A. Preserving America's Clean Energy Foundation. Retrieved March 23, 2017, ‘!ﬁ

- 12200-0 from http/Awww.thirdway, org/freport/preserving-amencas-clean-energy-foundation NATIONAL RENEWASLE ENERGY LABCRATORY

Lab Pls: Mark Ruth, Bryan Pivovar, Richard Boardman, et al

U.S. DEPARTMENT OF ENERGY

Total Hydrogen Demand for the Industrial & Transport Sectors

ntial From Photovoltaic and Onshore Wind Resources Minus

Total kg of Hydrogen per County, Normalized by County Area

i
YANRE

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY FUEL CELL TECHNOLOGIES OFFICE

Labs assess
resource
availability. Most
regions have
sufficient

resources.

Red: Only regions
where projected
industrial &
transportation
demand exceeds

supply.




Market Conditions Pushing Nuclear Power Transition

Over 20 GW in existing nuclear

plants retired or at risk of retiring

Nuclear Plants at Risk or Recently Retired in GW?

5.5 2 3.5\ ‘
o
y 3.4

1 U.S. DOE Quadrennial Energy Review, 01/2017

Gen IV Reactors
(2030 - 2050)
Compatible
with High Temp.
Electrolysis:

v" High-temperature*
v' Gas- cooled fast
v Supercritical Water

v" Molten salt

* Qutlet temperature: 500-1,000C
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Market Conditions Pushing Nuclear Power Transition

7,000 MW Nuclear Plants Announced Gen IV Reactors
Retirement since 2016* (2030 - 2050)

7. Compatible
Nine Mile patrick
ngyz o ° °
- . with High Temp.
5 gFermi Rilgrim
g W g ool Suco . .
- it - O Electrolysis:
Peach Bottom - i
Hope Cri
‘u, Creek “w‘" il q?lvm Cliffs
Surry
= s Bar re 1113 H - *
fll Nudlear S:::va:a Oones ;:;:;,a 7 / ngh temperatu re
Browns Ferry Summer  Rebinson =
Vogtie
B it i = v Gas- cooled fast
iy send o Dark red indicates negative margin
N s Dark blue indicates positive margin ey
= v Supercritical Water
St Lucie
v" Molten salt
Turkey Pt
Map Source: Bloomberg New Energy Finance Note: For more information of U.S. electric
generators, see U.S. Plant Stack: Info on Every Generator Unveiled (web | Terminal)
* .
*DOE Staff Report to the Secretary on Electricity Markets and Reliability Outlet temperature: 500-1,000C
https://energy.gov/sites/prod/files/2017/08/f36/Staff%20Report%200n%20Electricity%20Markets%20and%20Reliability 0.pdf
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http://www.bnef.com/core/insight/12851
http://bloom.bg/2di2XaH
https://energy.gov/sites/prod/files/2017/08/f36/Staff Report on Electricity Markets and Reliability_0.pdf

High-Temp. Steam (HTSE) Electrolysis and Nuclear

Benefits

High electrical efficiency

Scalable

Leverages heat sources from nuclear | l}'. r
{ L ; !

Improves economics of nuclear
reactors

Can operate over wide range of loads

Needs

* Electrolyzer cell/stack durability
improvements

* Load following capability dependent Gen |V Reactors prOduce process
on time-frame (minutes vs hours) heat compatible with high-temp.
» System-level demonstration steam electrolysis (HTSE)

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



H2@Scale CRADA Call

* To leverage lab capabilities and expertise to address
challenges- materials R&D, analysis, safety R&D, etc.

 Round 1 closed Sept. 15 — stay tuned for winners and future rounds

Government
Funding

H2@Scale “consortium”

CRADA = Cooperative Research and Development Agreement
SPP- Strategic Partnership Project (‘Work for Others’)
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H2@Scale CRADA Call Addressing R&D Needs
relevant to Nuclear — Example

Technoeconomic Hydrogen Materials Grid simulation
Modeling and AnalysisSsl Compatibility R&D and Testing
Energy Security Benefit - Friction & wear Y Pressure cycle aging
Petroleum Reduction Attributed x"-.a* . g

to FCEV Market Penetratio,

Petroleum Reduction
(Bbl/day)

-
l |

2017 2025 2035 2050

amental -
) per_t,y changes

-

Labs Labs
% OAK RIDGE (1) Nt

- ationa .aborato I.alw T
agonne®  TINREL Nomllaborey g MNL  IINREL

"5
Idaho National Laboratory

"""""""""""""" SRNL  racific Northwest

SafetyRED
e || Labs IINREL
u HYRAN

Sandia
m National \7/«
HYDROGEN RISK ASSESSMENT MODELS

F
Q
o
7]

Laboratories
Pacific Northwest
NATIONAL BORATORY
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Information sharing and
education are critical as we
move forward
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H,Tools: One-stop for H, safety knowledge

B

W

1 I 10,960

thoo_Is.o_r'g\

* Includes resources on * Site visit tracking shows a global reach:
safety best practices, first 50% of visits are international!
responder training, and * Over 31,000 site visits in the first year
H, codes & standards alopg ,

* Training resource translated into
Japanese
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Ways to Spread the Word

Celebrate Hydrogen & Give an “Increase
Fuel Cell Day your H21Q”
October 8 or 10/8 presentation in your
(Held on its very own atomic- weight-day) community!

INCREASE YOUR

e

Download for free at:

energy.gov/eere/fuelcells/downloads
/increase-your-h2iq-training-resource

Hydrogen

Learn more:

energy.gov/eere/fuelcells
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https://www.youtube.com/watch?v=98wThylWg3Q
https://www.youtube.com/watch?v=98wThylWg3Q

Summary

* Enable early R&D innovation

* Hydrogen fuel
* Fuel cells
e H2@Scale

* Leverage activities to maximize impact

* Enable infrastructure and cross-sector impacts
* Partnerships- other agencies, industry, states, etc.
* Collaboration on safety R&D and information sharing
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Thank You

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

energy.gov/eere/fuelcells
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