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Fuel Cells - An Emerging Global Industr ENERGY
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Top 10 companies for fuel cell patents: GM, Honda, e%n;oany Great 3%
Toyota, Samsung, UTC Power, Nissan, Ballard, Panasonic, France_/ Taiwan \_canada  Britain
Plug Power, Delphi Technologies 2% 2% 2% 1%

e Clean Energy Patent Growth Index!! shows growth in all clean energy technology patents
 More than 1,000 fuel cell patents issued in 2012

[1] http://cepgi.typepad.com/heslin_rothenberg_farley /2013/03/clean-energy-patent-growth-index-2011-year-in-review.html
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Fuel Cell Market Overview ENERGY

Fuel Cell Systems Shipped

45 000 by Application, World Markets: 2008-2012 Market Growth

Fuel cell markets continue to grow
= s - 48% increase in global MWs shipped
g 62% increase in North American
G 20000 o systems shipped in the last year
1S

The Market Potential
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' , , Independent analyses show global markets
2008 2009 2010 2011 2012p could mature over the next 10-20 years,

= Stationary = Transportation = Portable producing revenues Of-
Fuel Cell Systems Shipped

6000 by Application, Manufactured in North America: 2008-2012 e $14 —$31 biIIion/year for Stationary power

e $11 billion/year for portable power
e $18 — $97 billion/year for transportation
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Several automakers have
announced commercial FCEVs in
the 2015-2017 timeframe.

(Systems Shipped)
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For further details and sources see: DOE Hydrogen and Fuel Cells Program

Plan, http://www.hydrogen.energy.gov/pdfs/program plan2011.pdf;

Source: Navigant Research FuelCells 2000, Fuel Cell Today, Navigant Research



http://www.hydrogen.energy.gov/pdfs/program_plan2011.pdf

U.S. DEPARTMENT OF

Hydrogen and Fuel Cells Program Overview ENERGY

Mission: Enable widespread commercialization of a portfolio of hydrogen and fuel
cell technologies through applied research, technology development and
demonstration, and diverse efforts to overcome institutional and market challenges.

Key Goals : Develop hydrogen and fuel cell technologies for early markets (stationary power, lift trucks,
portable power), mid-term markets (CHP, APUs, fleets and buses), and long-term markets (light duty vehicles).

Examples of Key Targets

Basic & Applied Research

@ andTechnology Development S * Fuel Cells:

5 E e Transportation: $30/kW, 5K hours
e G « Stationary: $1,500/kW, 60-80K hours
SN Hydrogen > WIDESPREAD .

3 I Fuel Cell & COMMERCIALIZaTION | * Hydrogen: 52 to 54/gge

R R&D E ACROSSALL SECTORS

— » Storage £

g ‘ ; « Transportation DOE Hz_and Fuel Cell

g * Stationary Power Program includes: EERE

% Manufacturing R&D X * Auxiliary Power (Fuel Cell Technologies

£ ' Eaf:“blii P‘;WET Office), and DOE Offices

L L] . .

9. |SafétyCodes & Standarcs Oraverower 1 of Science, Fossil Energy

and Nuclear Energy

Education

EERE Multi-year RD&D Plan updated

Nearly 300 projects currenftly fur‘_ded_ at ?Ompanies, national Program Plan at: http://www.hydrogen.energy.gov/pdfs/program_plan2011.pdf
labs, and universities/institutes Basic research conducted thru Office of Science; Applied RD&D conducted through EERE, FE, NE

4
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Fuel Cells ENERGY

Reduced high-volume cost of automotive fuel cells to $47/kW (2012)*
More than 35% reduction since 2008, more than 80% reduction since 2002

Projected Transportation Fuel Cell System Cost
-projected to high-volume (500,000 units per year)-

Projected Costs at Different Manufacturing Rates

| $300
$300 $275/kW $281
Current status: o250 —+—2007 Cost

—_ Initial Estimate

s $250 Balance of Plant ($/kW, $47/kW vs T 218 =8==2012 Status
= includes assembly & target of $30/kW c
= testing) S $200
£ $200 Stack ($/kW) =

2 — $150

o %2}

£ $130 8 100 $94
Q _
@ $108/kW = -
> $94/kW Target g P9 g 847
O $100 - STAKW g $30/KW 2 ss0 - —m

550 SS1KW s49/kwW $47/kW l o | | |
| 125,000 250,000 375,000 500,000
50 | . . . . - L Annual Production Rate (systems/year)
2002 2006 2007 2008 2009 2010 2011 2012 2017 *Based on state-of-the-art lab scale technology projection to high-

volume manufacturing (500,000 units/year).- Strategic Analysis

Cost reduction in the last 1 year

Solid oxide fuel cell (kW-scale) Systems have
R&D led to 75% weight ) demonstrated
reduction and >80% volume over 300,000
reduction since 2004. hours
Reduced cost of SOFCs 5X since 2004. Acumentrics

Q42011 Q12012 Q22012 Q32012 Q42012
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New cost of $51/kW
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NREL- aggregated state-of-the-art fuel cell durability application | A8 e e | A e
45 ‘
—o5th _ 75 percentile Backup Power 2,500 1,100
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35| % |nterim DOE Target Bus 6,200 3,800
30 * DOE Targets Under Review Forklift 14,600 4,400
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Q
S 25 :
= — Accomplishments
£20 * Reduced gpgy/kW for NSTF MEA
2 from 0.20in 2012 to 0.16 in 2013 (3M)
15 T « 100% increase in specific activity of
10 PtNi thin films catalysts vs.NSTF
(ANL)
5 T . . m—
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] .| Mesh |
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cell performance & Transport {—s| Nomieros |
durability model for PmP‘emeS _ ft Degradation
public access. Can be i e Physics -
- A
used to assess _ |_Electrochemistry |
performance and life
-Ballard Open-source FC-PEM Package
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The flow path for the FCPEM durability model
In the figure we see the validated performance for a statistical set of data.
In the subset we see the picture of the current model domain which is a full MEA (channel land areas are on the left and right, the center strip is the channel) – the subset shows a 3-D picture, the model while developed in 1-D, can be run in 2-D or 3-D.
The model includes multi-step kinetics for both the HOR and ORR, with the ORR oxide model able to simulate oxides derived from both air and water.
The materials and composition data set are completely open to the user with the composition and base material relationships fully modifiable based on the users data (or they can use the defaults)
Validation at beginning of life was performance across a wide range of material compositions including platinum loading and ionomer content.

Following the discovery of the exceptionally high activity of the Pt3Ni(111) surface for the ORR, with has specific activity 2 orders of magnitude higher than that of Pt/C, ANL is working to develop nanosegregated Pt/Ni catalysts that can achieve similar activity in a catalyst suitable for incorporation in fuel cells.

Pt/Ni catalysts synthesized thus far at ANL have mass activity several times that of Pt/C, approaching the DOE target activity of 0.44 A/mg.  

The Pt/Ni catalysts also have better durability than conventional Pt/C.

ANL is also developing a variety of ternary catalysts, including the PtFeAu catalyst depicted here, in which a Au core is encapsulated by an FePt shell.  

These ternary catalysts also exhibit much better activity and stability than conventional Pt/C.
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Hydrogen Production ENERGY

Accomplishments

* >550% return on investment ($48M in direct revenues) from electroylzer products

* Reduced stack costs by >60% to less than $400/kW since 2007 (Proton OnSite,Giner)

» 9-fold increase in yield with novel perovsikite materials for solar thermochemical H,
production compared to prior metal oxide material (Sandia)

« 2 membrane separation projects selected for scale up (from 2 to up to 50 Ibs/day (FE)
Distributed Production (near term)

Il Electrolysis

$9
* >OM metric tons of H, produced per year 8

>1,200 miles of H, pipelines in use (CA, TX, LA, IL, IN) :’ | B ol Cantabritd,
e .
Established $4

Feedstock voriobiky: 50.03-50.08 per kVWh

Il Bic-Derived Liquids

$/kg-H,

Inclustrial Process High-temp o

_ Coal Gasification{  Electrolysis ' $3
1) 2 With CCS T
= Natural Gas ' | o $2 O
5 Reforming 51
fiinc) 2005 2010 2015 2020
s$10
Today - 2015 2015-2020 2020-2030 so - Central Production (longer term)
O - Electrolysi
vSIS
.F_|J $8 ‘ Feedstock voriobiity: 50.03-50.08 per kVh
_g . ::N $7 - Biomass Gasification
o= Natural Gas Electrolysis Bio-derived Fermentation ] $6 Feedstock voriobily: S40- 5120 per dry short ton
_b Reforming (Grid) liquids _P‘D : - i
(%] N/ ~ $S -
A / Ass|pathways/=mid term EO Solarpathways-Iongerterm 27 PV
. . ' L O
Estimated Plant Capacity (kg/day) P&D Subprogram R&D efforts 3 O O
successfully concluded $2 - O
$1 -
500,000 100,000 L FE = R&D efforts in DOE Office of Fossil Energy $0 - ; . . : . : .
"OUOSU000 [560 2005 2010 2015 2020

NE = R&D efforts in DOE Office of Nuclear Energy

http://www.hydrogen.energy.gov/pdfs/12002 _h2 prod_status cost plots.pdf
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This chart highlights the current production described previously with an outlook towards future production technologies.
Electrolysis, and liquefaction equipment can all be set up in a matter of months, and NG can be used to load follow renewables for a seamless transition to increasing renewable energy use.
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Opportunities with low cost natural gas ENERGY

Hydrogen Production from Natural Gas: Bridge to longer-term, low-carbon pathways

 Options: Central production (high
P tube trailer delivery can
reduce cost of compression at
station) or distributed production

« Cost of H, production at high
volumes can be competitive with
gasoline

« Cost goals can be met by a wide
range of NG prices

Existing Hydrogen Production Facilities

$/kg H2

$/kg H, (produced & untaxed, today’s
technology) for Varying Natural Gas Prices

$2.50
m Current

Threshold Cost Goal Future
$2.00 -+

$1.50 -

$1.00 - _—

$0.50 _—
$-

AEO2009 AEO02012 FLAT $4.00FLAT $3.00FLAT $2.00

Natural gas price basis($/MMbtu)

http://hydrogen.energy.gov/pdfs/12024_h2_production_cost_natural_gas.pdf

Excludes compression, dispensing, storage; Based on H2A v3 Case Studies @
http://www.hydrogen.energy.gov/h2a production.html AE02009 avg NG prices (HHV,
$/MMbtu): $7.10 (Current, 2010-2030); $8.44 (Future, 2020-2040)

AEO02012 avg NG prices (HHV, $/MMBtu): $5.28 (Current, 2010-2030); $6.48 (Future, 2020-2040)



http://www.hydrogen.energy.gov/h2a_production.html

Well-to-Wheels GHG Emissions Updates
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Analysis by Argonne National Lab, National Renewable Energy Lab, DOE Vehicle Technologies
Office, DOE Bioenergy Technologies Office and DOE Fuel Cell Technologies Office shows
benefits from a portfolio of options

» Updated, peer-reviewed
analysis (EERE multi-
Office coordination)

 Hydrogen from natural
gas can reduce GHG
emissions by >50%
(significantly less if
centrally produced and
with carbon capture)

See reference for details:
http://hydrogen.energy.qgov/pdfs/130
05 well to wheels ghg oil ldvs.pdf

Well-to-Wheels Greenhouse Gases Emissions for 2035 Mid-Size Car

(Grams of CO2-equivalent per mile)

Low, Medium & High GHGs/mile for 2035 Technology, Except Where Indicated

2012 Gasoline |

Gasoline |

Diesel |

Natural Gas |

Corn Ethanol (E85) |

Cellulosic E85 |

Cellulosic Gasoline |

Gasoline |

Cellulosic E85 |

Cellulosic Gasoline |

Gasoline & U.S5./Regional Grid |

Gasoline & Renewable Electricity |
Cellulosic E85 & Renewable Electricity |
Cellulosic Gasoline & U.S./Regional Grid 1
Cellulosic Gasoline & Renewable Electricity |
Gasoline & U.S./Regional Grid |

Gasoline & Renewable Electricity |
Cellulosic E85 & Renewable Electricity |
Cellulosic Gasoline & U.S./Regional Grid |
Cellulosic Gasoline & Renewable Electricity |
BEV100 Grid Mix (U.S./Regional) |
BEV100 Renewable Electricity |
BEV300 Grid Mix (U.S./Regional) |
©77 77777 Distributed Natural Gas
Nat. Gas (Central) w/Sequestration |
Coal Gasif. (Central) w/ Sequestration |
Biomass Gasification (Central) |

_______________________

0

[
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la30
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ybrid Electric
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(100-mile [160 km] ang
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________________ [
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Low/medium/high: sensitivity to uncertainties associated with projected fuel economy of vehicles and
selected attributes of fuels pathways, e.g., electricity credit for biofuels, electric generation mix, etc.



http://hydrogen.energy.gov/pdfs/13005_well_to_wheels_ghg_oil_ldvs.pdf
http://hydrogen.energy.gov/pdfs/13005_well_to_wheels_ghg_oil_ldvs.pdf
http://hydrogen.energy.gov/pdfs/13005_well_to_wheels_ghg_oil_ldvs.pdf
http://hydrogen.energy.gov/pdfs/13005_well_to_wheels_ghg_oil_ldvs.pdf

U.S. DEPARTMENT OF

Hydrogen Delivery ENERGY

Cost of Hydrogen Delivery from Centralized Hydrogen Production Facilities Th ree meth Ods for hyd rog en d el |Ve ry
e N Tube trailer transport (near-term)
-k | Liquid tanker transport (near-mid term)

bar

* Pipeline transport (mid-long term)

2 @
8 8
o/

2
g
g
.g Range of
z'..' | : f::{:f::oo Di“Fs‘:'_"“' Rei‘rif?::lnlinn
. Kt O - - " Electical 3%
%szoo : O O = Targets® Storage 24% Remnimler??: Station
é *2005, and 2011 Targets
E‘ $1.00 T:E:“u:‘:::‘:{i‘;mjf%f Compression
L 2020y of 3o 3% Funding will
$0.00 N continue to
2005 2011 2015 2020 focus on
Status Status Compression
*Based on 2011 advances projected to high volume and sto rage
Accomplishments: Delivery Costs
« Reduced forecourt delivery costs Held Compression Storage
>40% since 2011 Dispensing (CSD) Workshop to

Identify:

» Materials Research
« Station Optimization Analysis

« >50% decrease in parts count and
~10X increase in current density

for electrochemical Compression » Metering, Quality & Performance Testing for
. Dispensing
since 2007 (FCE) « Data for codes and standards development
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Sunita Satyapal– Corrected Slide 10. 



Hydrogen Storage
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Compressed Gas Storage System Cost (70 Mpa)
5.6 kg H2 capacity, cost in 20075

- $40 ® System Assembly

_% $35 $33 M Balance of Plant (BOP) Items
a $30 He Fill & Leak Test

- $26

4‘;; M Hydro Test

o $25 $22

o $20 ® Boss (Materials & Proc.)

$20

g $17 m Full Cure (Cure #2)
w15

> — [— W B-Stage Cure (Cure #1)
N e —_—— —_—— -

= $10 - 2017 Target Fiber Winding

g

|2 55 Composite Materials

$0 — — = [ — | B Liner Annealing
10,000 30,000 80,000 130,000 500,000

B Liner Formation (Material &
Proc.)

Strategic Analysis ~ Systems per Year

Accomplishments: 3X increase in tensile
strength demonstrated in C-fiber from melt-
spun PAN precursor (ORNL)

Cost Reduction for
Hydrogen Adsorption Systems

Gravimetric Density

Start Time to Full Flow (20°C}  100%

Min. Delivery Temp.
Fill Time (Skg H2)

Start Time to Full Flow
(20 C)

Max Delivery Temp.

Min. Delivery Pressure

Transient Response Max. Operating Temp.

Fuel Purity Min. Operating Temp.

Wells-to-Power Plant |_—"

Efficiency

Max. Delivery Pressure

P
Loss of Useable H2 © Min. Full Flow Rate

Fuel Cost System Cost

Cycle Life (1/4 - full) Onboard Efficiency

Volumetric Density

* Projected ~30% cost reduction
through lower pressure operation,
avoiding C-fiber tanks (HSECoE)

Launched open source
database* on Hydrogen
Storage Materials

Properties
(http://hydrogenmaterialssearch.govtools.us/)

4,881 page views and 2,172
unique page views

1,781 visits by 1,252
" visitors from 37 countries

W

47 languages

2,986 unique entries

2.74 pages per visit average
and 3:34 average visit
duration

* Included in President’s Materials
Genome Initiative,
http://lwww.whitehouse.gov/mgi

24 visits were conducted via a
mobile/tablet device

Recommended Best Practices for
the Characterization of
Engineering Properties of

Hydrogen Storage Materials

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/b
est_practices_hydrogen_storage.pdf
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Talking Points Clockwise from Top Left:
A PNNL led team have identified 15% in initial system cost savings for Type 4 composite tanks.  The team is now focused on identifying and demonstrating cost savings through optimizing operational parameters (i.e., cold hydrogen rather than ambient)
700 bar, Type 4 Compressed Hydrogen Storage System Costs were re-evaluated based on auto and tank OEMs and industry experts input and show that BOP contributes over 50% of cost at 10,000 units while CF composite still dominates cost (> 60%) of tank at high volumes
Comprehensive H2 Storage Materials Characterization  manual is online that includes a Section on System Engineering Properties and is a recommended read for all H2 Storage researchers 
Open source database on H2 Storage Material Properties is included the President’s Material Genome Initiative and the Program is still looking to include more data!
1st Bullet goes with 700 bar Spider chart.
2nd Bullet – A team led by ORNL including VT demonstrated Melt Spun PAN CF that has exceeded the 2013 strength milestones by over 40%.  If successful, this process has the potential to reduce the cost of CF by 25%.
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Manufacturing R&D ENERGY

New Clean Energy Manufacturing Initiative (CEMI)
launched across EERE to increase American
competitiveness in clean energy manufacturing.

e David Danielson visit to CT for CEMI
CEO/CTO Roundtable and Fuel Cell Site Visits
o CEMI Regional Summit in OH — June 2013

Accomplishments Launched Hydrogen and Fuel
* Reduced total GDE labor costs Cells Technical Advisory
5% Committee (HTAC)

* Achieved 4-fold increase In
throughput (exceeded goal of 3x)

* Shipped >60,000 membranes since
2009 including next generation

Manufacturing Subcommittee

Celtec® P1100W MEAs, released in Future Plans:
2012 and developed with support . ;
i [EETT, Collaboration with EERE
« Transitioned to “six sigma” product Advanced Manufactu ring
ange Office
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Validated >500 fuel cell forklifts

Accomplishments:
>1.4M hours of operation

~250,000 hydrogen fills
>185,000 kg hydrogen dispensed

Average forklift fill of 0.6 kg in
2.3 minutes

Delivered H, Maintenance Count by Category
1,058 Maintenance Events, 64% unscheduled

Infrastructure
consistently
delivering H2 with a
MTBF of 25 days or
less.

Identifying areas for
further effort: e.g.
~500 are compressor
failures.

Syste
8%

Locations of Fuel Cells in Operation

for Early Market Applications 0 Exceeded DOE goal of 1,000

¢ operating hours for back up power
o Successful operation of units in 19 states
;5 e >800 systems in TR

50 operation

° e 1.86 MW installed

® capacity

{> Material Handling Equipm ent (13 Sites and 618 FC Units)

& Backup Pow er (296 Sites and 638 FC Units) 0 * 99.6% successful

Num ber of FC

Units in
A APU (1 Sites and 1 FC Units) Semtarcing starts
[> Bus (1 Sites and 1 FC Units)

O Stationary (2 Sites and 4 FC Units)
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40% of stacks projected hours to 10% degradation >10,000 hours
Over 200 fills per day at one site.
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Fuel Cells for Resiliency ENERGY

Hurricane Sandy was the largest Atlantic hurricane on record.
Winds spanning more than 1,100 miles

* Cellphone outages reported in more than 150 counties from VA to MA
o 25% of cell towers in 10-state area stopped operating
« 8.5 million power outages reported across 21 states
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the storm became the largest Atlantic hurricane on record (as measured by diameter, with winds spanning 1,100 miles (1,800 km)).
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Grid outage data source:  
OE-417 Electric Emergency and Disturbance (OE-417) Events, 2010-2012
1 Source: Submissions of all Electric Emergency Incident and Disturbance Reports (OE-417), http://www.oe.netl.doe.gov/oe417.aspx

This movie combines the site/system operation data with a publically available data base of grid outages. We wanted to study when the systems we are monitoring in detail came on and if that corresponded to any known grid outages. We were also interesting in a new way to present some of this data. Note the reasons for grid outages range from weather to vandalism and can be very vague with respect to the actual location of the outage. A grid outage is highlighted with the state turning black and the outage is only shown for states with at least one site. 
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Safety, Codes & Standards ENERGY

‘ FYO05 FY06 FYO7 FY08 FY09 FY10
w CSTT Formed = RD&D \
RD&D Roadmap Roa-dmap . Primary |
ICC Chapter « Revised Changes submitted to IFC = NFPA 2
™ National : i Building and Y
22 Hydrogen e to coordinate IFCand | Final Document Fiva Codes
emplates i ; !
Code Adopted NFPA requirements Published {I codes)
= NFPA 52
\ Hydrogen Specific ’
= NFPA 52 2006 edition ke NFPA 2 Codes and Standards o e
Dispensing Hydrogen Specific Hydrogen ® |> NFPASS : Hydrogen specific codes
Codes and Standards Technologies NFPA Draft NFPA 2 published < and standards that the IBC
Code Project Public draft P i and IFC reference such as
Start of NEPA 2 [* 2010 edition NFPA 55, and NFPA 853
published MNFPA 853 published
b CSA HGV4 b 150 DIS CHMC-1TIR, ISO.
™ SAE 2579 14687-2 14687 Fuel
ality Final
™ UL 2267 A= [ SAE2601 ASME B31.12 CSA H series draft < Cualty I
: g i Standard
published s | sac2719 published documents published

Accomplishments
First mobile app developed
e | to accelerate H, and fuel

H2 PROPERTIES
Technical Reference for Hydrogen

EE;EEEE;:M Cell deployments (PNNL) Compatibility of Materials
e . Integrates H,incidents.org and
H,bestpractices.org into a single,

searchable iPad and iPhone app

[ DISCOVER

BP. Somenday

oo * Full acceptance of the Global
Technical Regulation for June 2013. BB resty
T :
* SAE J2579 published March 2013 | ]
: :
* Developed material & trained > 26,000 nformation blaced on OnenEl websit
.. . nrormaton placed on Opencl webpsite:
code officials and first responders http://en.openei.org/wiki/Gateway:Hydrogen




Systems Analysis

Models and Tools

MA3T MSM

(ORHLY (NREL) :
Policy,
HYTRANS ADOPT SER Scenario, g
(ORNL) (NREL) (NRE Integration (o)
SERA EIN STREET
(NREL) Cash ANL (ucl)

Flow JOBS UcCDavis

(EIN)
MA3T SERA ADOPT
(ORNL) (NREL) (NREL)

MSM GREET  VISION
(NREL) (ANL) (ANL)

MAST
(ORNL)

VISION
(ANL)

H2A FC Power

ADOPT AUTONOMIE

(NREL) (NREL) (NREL) (ANL) Component, Infrastructure and
HDSAM HyPRO MSM Vehicle Assessment
(ANL) (SAINC) (NREL)

U.S. DEPARTMENT OF
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Comprehensive suite of
models and tools to
addresses needs and helps

RD&D

JOBS FC model
estimated ~1,300 job-
years created/
retained as a result of
Recovery Act funding
in fuel cells (ANL)

http://jobsfc.es.anl.gov/main

/ Outside Local Economy >

guide the Program, providing
critical direction and focus for

Key Focus:

Infrastructure Analysis

Domestic Employment from
ARRA Deployments
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Assessing the Impact of DOE Funding ENERGY

DOE funding has led to 40 commercial hydrogen and fuel cell technologies and 65 emerging
technologies.

Accelerating Commercialization Leveraging DOE Funds:
45 EEﬁE-fundEd Fuel Cgllu'l'ezhn_?lﬁfies— Government as “catalyst” for market success of
that are Commerciallv Available : :
emerging technologies.
= 8 40 10,000 ging g
° 'S :
5 S 35 Commercial /;' 9,000 -
g 30 Technologies «* 5000
29 25 ol ’ DOE cost-shared A
= ¢ 7,000 - / .
L= 20 2 deploym_e_nts led to Y, Lift
£8 i 6,000 { >5Xadditional ¢ Trucks
> @ Y]
EE 10 5000 | Purchasesand Y,
35 5 orders. /
O I I /
0 d
2007 2013 3,000 1 /
m Fuel Cells = H2 Production/Delivery m Storage 2 000 - ,l
Source: Pacific Northwest National Laboratory

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways success hfcit.pdf 1,000 - m

500 0 - .

450 Cost Share Deployments Additional Purchases without

400 Patents /” ~1,600 DOE Funding ~9,000

350 .

300 / More than 450 PATENTS resulting

' d

250

from EERE-funded R&D:
200
150

- Includes technologies for hydrogen
100 production and delivery, hydrogen
50 J storage, and fuel cells
0

2007 2013 http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways_2013.pdf

Cumulative Number of
Patents
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Commercial Products: As in on the market now
Emerging Technologies: On market within 3 yrs
Research: used in research, any technologies would be more than 3 yrs awayhttp://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways_success_hfcit.pdf


Assessing the Impact of DOE Funding

U.S. DEPARTMENT OF

ENERGY

For selected projects tracked, DOE EERE funding has led to:

e Revenues valued at >6 times the DOE investment

 Additional private investment valued at >9 times the DOE investment

$350

$300

$250

$200

S, Millions

$150

$100

$50

S0

Example: Revenues resulting

from DOE funding
>$300M
7
/
Revenues /
>6X DOE
funding 4
/
/
/
/
1
S50M:?
DOE Funded Cumulative
Projects Revenues

S, Millions

$160
$140
$120
$100
$80
$60
$40
$20

S0

Example: Private investment
resulting from DOE funding

S130M

Additional 7"
investment >9X f,
DOE funding ,

/
/
/
/
/
1

S14MP
DOE Funded Additional

Projects Investment

aDOE’s $50M is linked to selected projects with ~$310M in revenues..

PDOE's $14M is linked to selected projects w/$130M additional industry investment
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Budget: FCT Program Key Activities

Future Directions:

Funding ($ in thousands) Continue to focus on

Kev Activit FY 2013 FY 2013 FY 2014 o

y y Reguest | Planned Reguest critical RD&D
Fuel Cell R&D 38,000 42,400 37,500 Increase fOCUS on |OW-
Hydrogen Fuel R&D 27,000 33,000 38,500 carbon hydrogen
Manufacturing R&D 2,000 1,900 4,000 pathways
Tecf;hnolog;/ VaI|d;it|on 5,000 8,500 6,000 Fuel Cell R&D Funding by
Safety, Codes an . .
Standards 5,000 6,600 7,000 Application (FY13 plan)
Market Transformation 0 2,800 3,000
Education 0 0 0
Systems Analysis 3,000 2,800 3,000
NREL Site-Wide
Facilities Support 0 0 1,000
Total $80,000 $98,000 $100,000

Stationary

*Funds for the SBIR/STTR programs for FY 2013 and FY 2014 will be subtracted at later

date.

Note: The FY 2012 and FY 2013 numbers shown on page 384 of the White House’s FY 2014 Budget Request
(www.whitehouse.govi/sites/default/files/lomb/budget/fy2014/assets/doe.pdf) reflect $9.7 million that was carried

over from FY 2012 to FY 2013 for obligation in FY 2013.

7%



Future Directions

. DEPARTMENT OF

ENERGY

Funding Opportunity  Funding
Announcements Planned
(FOAS)

Production & Delivery N
(FY14) e
Hydrogen Storage (FY14) ~$6M
Technology Validation
and Market
Transformation (FY13 & £
FY14)
Manufacturing R&D N
(FY14) $3M

Notice of Intent Issued- May 2013

Technology Validation & Market
Transformation

« Demonstration & Deployment
of Fuel Cell Hybrid-Electric
Medium-Duty Trucks

» Validation of Advanced
Hydrogen Refueling
Components

« Demonstration and Case Study
for Roof-top Installation of
Hydrogen Fuel Cell Backup
Power Systems

 Hydrogen Meter R&D

Requests for Information

* RFI on Home Hydrogen Refueling Systems and Potential H-Prize Topics Issued (https://eere-
exchange.energy.gov/default.aspx#Foald2e67f6df-fd51-4da2-953c-ab515231abb0)

* Additional RFIs see: https://eere-exchange.energy.gov/
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Future Directions- Global Partnerships ENERGY

International Partnership for Hydrogen and Fuel

lH"E Cells in the Economy

Japan - Chair 2013-2015

® Published a brochure on the status of research
and commercialization of H, and FCs.

® |PHE Infrastructure Workshop
® Published Demonstration and Deployment Map

* Representatives from 17 member countries & the
European Commission

* Facilitates international collaboration on RD&D and
education

®* Provides a forum for advancing policies and common
codes and standards

Website: http:www.iphe.net

International Energy Agency - Implementing Agreements

~ Advanced Fuel Cells Implementing Agreement: 19 member countries
iea feaiesy,  currently implementing six annexes

Hydrogen Implementing Agreement: 21 member countries, plus the European
Commission currently implementing nine tasks

Future Areas of Collaboration:
* Safety Information Sharing

* Data Collection

®* H, Resource Availability
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Global Hydrogen Resource Analysis Tool

U.S. DEPARTMENT OF

ENERGY

Tool developed by Sandia to assess resource options for hydrogen in different countries

INTERNATIONAL

PACIFIC

EUROPE

DEM MARK

HORWAY

NORTH AMERICA

per GJ
$2007

Delivered H2 Cost ($/G])

$1501

$100T

$50T

= Naturel Gas | 7] Mt ural Gas €7 Biomans Cont =) | Cout Comtrana =] Oftamere wie =)

Jomners W

Feedstack m Distribution

GHG Tax

Feedstock I = v Availabie I 12 |

1 1 I4A BIA VEE TAT BAA S Ll 4T BA aas 2

llustrative example- as cost of resource (e.g.
wind) declines over time, more is used for H2
production

Can assess different FCEV market penetrations
& policy options

| I S [ S S [N B [ — -

Distrubution Cost

ka/yr
4,000,000,000 - .
Backstop_product
“ Nuclear_Central
= Hydro_Central
= Coal_Central
= NG_Central_SMR
Biomass_Central
= Solar_Thermal_Central
= Solar_PV_Central
= Coal_Central_CCS

3,000,000,000

2,000,000,000

1,000,000,000

Germany Hydrogen

Production

0-
Jan 01, 2015 Jan 01, 2025 Jan 01, 2035 Jan 01, 2045

Feedstock Multipliers

“ Renewables
" Mon-GHG Emission:

I ! 1l
Developed as part of IEA HIA Task 30
and IPHE activities.

Policy Type

More country input requested.
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Task 30A goal:  “To analyze potential hydrogen production and distribution pathways for participating countries.”  To achieve this objective, Sandia National Labs developed a Pathways Analysis Tool that gives users the ability to understand the resource options and constraints to meeting future hydrogen demand for various fuel cell vehicle market shares.
This example highlights how total costs fluctuate as variables like Distribution Cost and GHG Tax undergo changes.



Future Directions- Energy Systems Integration
Facility (ESIF) ENERGY

Future directions include increased cross-cutting activities and collaboration such as through DOE's new
national asset for energy systems integration research, development, and testing



Presenter
Presentation Notes
Commercial Products: As in on the market now
Emerging Technologies: On market within 3 yrs
Research: used in research, any technologies would be more than 3 yrs awayhttp://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways_success_hfcit.pdf
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Energy Systems Integration Facility (ESIF) ENERGY

DOE’s new national asset for energy systems integration research, development, and testing

www.nrel.gov/esif
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Communication & Outreach

U.S. DEPARTMENT OF

ENERGY

Published more than 70 news
articles this year (including blogs,
progress alerts, DOE news alerts)

 Monthly Webinar Series
* Jobs Tool

* Register at -
http://www1.eere.energy.gov/hydrogenandfuelcells/webin
ars.html

* News ltems

* Energy Department Announces up to $2.5 Million to
Deploy Fuel Cell Powered Baggage Vehicles at
Commercial Airports (April 25, 2012)

* Monthly Newsletter
* Visit the web site to register or to see archives

(http://lwww1.eere.energy. gov/hydrogenandfuelcelIs/newsletter

e Hydrogen fuel cell
powers lights at
entertainment
industry events.

Developed education
materials and educated
teachers on
H, and fuel cells to date.

Strong Participation in Stakeholder
Outreach in 2012-2013- Examples:

« Senate H, and Fuel Cells Caucus
* Blumenthal (D-CT)
* Coons (D-DE)
* Graham (R-SC)
* Hoeven (R-ND)
* House H, and Fuel Cells Caucus
* Dent (R-PA)
* Doyle (D-PA)
e Larson (D-CT)
* Wilson (R-SC)
* Fuel Cell Summit, Washington DC
2012

(e v

Hydrogen fuel cell
powered light tower at
Space Shuttle launch




Methodology - Includes competitive review

processes, peer reviews & go/no-go decisions

U.S. DEPARTMENT OF

ENERGY

Topic Selection

K Stakeholders \

* e.g.: RFIs,
industry, » Targets
HTAC, etc. » “Critical
 U.S. DRIVE Path” needs
* Peer Reviews  Technology
* NAS Gaps
« GAO

K e Others /

Project & Program Review Processes

* DOE Fuel Cell Tech Team

* Annual Merit Review & Peer Evaluation meetings

* Tech Team reviews (monthly)

» Other peer reviews- National Academies, GAO, etc.

e Risk Analysis

Example Fuel Cell Membrane Targets

2011 [ 2017 [ Nafions |
° Tec h no I (0] g y Characteristic Units status target NRE211
ReV| ews Maximum oxygen crossover mA/cm? <1 2.7 .
Maximum hydrogen crossover mAfcm? <1.8 2.2 TeC h n Ical
‘ Area specific resistance at: targets he | p
Max operating temp and 40 — 80 ohm cm” 0,023 (40 kPa) 0.186 d /
kPa water partial pressure 0.012 (80 kPa) u | e 0 no_
RD& D PI an an d 80°C and water partial ohm cm 0.017 (25 kPa) 0.03-0.12 g g .
SO|ICItatIOI’I pressures from 25 - 45 kPa 0.006 (44 kPa) | go deCISlons.
. 30°C and water partial ohm cm® 0.02 (3.8 kPa) 0.049
Topics pressures up to 4 kPa

-20°C ohm cm” 0.1 0179

Operating temperature

Minimum electrical resistance

Hydrogen Storage R&D Milestone Chart

Cost W03 RN YIS FYn YHOT Y28 FYAS  FYa AN AR AN FFaun ian |
Durability
Mechanical g e\
& Tatky Compmssed and Crgenic Tarksyy | 125K T ADvanced Conpemssad 3nd
Chemical 7 Mesl 2005 Tarpels Crpageni: Tank Tachnologes &
)| L @
& 11 @ @ N ﬁ\ @ ‘3
o Task 3 On-boart Feversl Niteras for e e | Tash & O bsaxd reverable Kalerials for 185 Tages 4
m— | far 2010 Targen -
3
Update of I 3
Multiyear RD&D 6| |40 los | |20 S 4
TR Task T. RAD of Adk, OfF bgand |l‘x-8ﬂﬂ-orm OWWHWMHWM
Plan and Targets ol LA SR <
. &
e e

* DOE quarterly reviews and progress reports

Project Title
Pl Name &
Organization

Project

Number

91093 [euld
anunuo)

New Polymer/
Inorganic Proton
Conductive

123 Composite 21
Membranes for
PEMFC

Summary Comment

The project was unable to meet conductivity
targets or significantly improve upon Nafion®,
and the membranes developed have poor
chemical stability. The project will not be
continued.

Reviewer comments for projects posted online annually. Projects discontinued/ work scope
altered based on performance & likelihood of meeting goals.

o ¢ &8 & o | | 6

| sk 12 Testing st A of O o B s ==

A
| <\ ht mmc—D Input O Output [y Gofe-Go |

>$25 million saved in the
last 4 years through active
project management

Project scope redirected or terminated
to increase impact
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Collaborations ENERGY

New in 2013: H,USA- Public-private partnership to enable the widespread commercialization of
FCEVs and address the challenge of hydrogen infrastructure
s : N N 7 : N
Federal Agencies External Input Industry Partnerships &
* DoC * EPA * NASA « Annual Merit Review & Peer Evaluation Stakeholder Assn’s.
: ng : SCS)'IA : Bng » H2 & Fuel Cell Technical Advisory « Tech Teams (U.S. DRIVE)
Camlies  Fuel Cell and Hydrogen Energy
* DOT * DHS * USPS « National Academies, GAO, etc. Association (FCHEA)
- Interagency coordinatio_n through staff- - 7 « Hydrogen Utility Group
Ine]\(/)iIﬂI]rll)tlt)eragency Working Group (meets « ~ 65 projects with 50 companies
— Assistant Secretary-level Interagency \ \ J
\_ Task Force mandated by EPACT 2005. ) a D O E \/ = S
g : — 3 State & Regional
Universities Hyd rogen Partnersh|ps
L ~ 50 projects with 40 universities )  California Fuel Cell Partnership
; o) & F ue I Ce I IS « California Stationary Fuel Cell
International Collaborative
+ IEA Implementing agreements — \_ P rog ram P, * SC H, & Fuel Cell Alliance
25 countries * Upper Midwest Hydrogen Initiative
* International Partnership for e Ohio Fuel Coalition
Hydrogen & Fuel Cells in the » Connecticut Center for Advanced
S erties & EC REnTeREy
N u J o )
National Laboratories
National Renewable Energy Laboratory Sandia P&D, S, SC&S Lawrence Livermore P&D, S, SC&S
P&D, S, FC, A, SC&S, TV, MN Pacific Northwest P&D, S, FC, SC&S, A Savannah River S, P&D
Argonne A, FC, P&D, SC&S Oak Ridge P&D, S, FC, A, SC&S Brookhaven S, FC
Los Alamos S, FC, SC&S Lawrence Berkeley FC, A Idaho National Lab P&D

Other Federal Labs: Jet Propulsion Lab, National Institute of Standards & Technology, National Energy Technology Lab (NETL)
P&D = Production & Delivery; S = Storage; FC = Fuel Cells; A = Analysis; SC&S = Safety, Codes & Standards; TV = Technology Validation, MN = Manufacturing
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World Class Researchers - Examples ENERGY

Professor Thomas Jaramillo (Stanford) received a 2012 Presidential Early Career Award for Scientists &
Engineers (PECASE). PECASE is the highest honor bestowed by the U.S. government on outstanding scientists and
engineers who are early in their independent research careers. Jaramillo is the first ever EERE awardee.

Dr. lan M. Robertson (Univ. of
lllinois) received the American
Society for Metals’s 2014 Edward
DeMille Campbell Memorial
Lectureship Award.

Bryan Pivovar (NREL) received
the Charles W. Tobias Young
Investigator Award from the
Electrochemical Society.

Dr. Piotr Zelenay (LANL) won the
2013 Research Award presented
by the Energy Technology Division
of the Electrochemical Society.

Dr. David L. Greene (ORNL) received the Transportation Dr. Felix Paulauskis (ORNL) honored as 2012 Inventor of
Research Board’s 2012 Roy W. Crum Award. the Year by ORNL.

Drs. Nenad Markovic and Vojislav Stamenkovic (ANL) received a Distinguished Performance
Award for pioneering research on the design and synthesis of multi-functional electrochemical
interfaces by ANL.
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Thank You

Sunita Satyapal

Sunita.Satyapal@ee.doe.qov

Save the date: June 16t -20t" 2014, Wardman Marriott

hydrogenandfuelcells.energy.gov
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