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Flow Cells for Energy Storage Workshop  ENERGY | renonablo Enoray

Purpose
To understand the applied research and development needs and the grand
challenges for the use of flow cells as energy-storage devices.

Objectives

1. Understand the needs for applied research from stakeholders.

2. Gather input for future development of roadmaps and technical targets for flow
cells for various applications.

3. Identify grand challenges and prioritize R&D needs.

Flow cells combine the unique advantages of
batteries and fuel cells and can offer benefits for
multiple energy storage applications.

The workshop will begin with a series of speaker
presentations discussing past and current R&D.

Two separate breakout sessions will then be held
to discuss flow cell phenomena and components.
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Clean Energy Patent Growth Index!* shows that fuel cell patents lead in the clean
energy field with nearly 1,000 fuel cell patents issued worldwide in 2010.

 3x more than the second place holder, solar, which has just ~360 patents.

« Number of fuel cell patents grew > 57% in 2010.
[1} 2010 Year in Review from http://cepgi.typepad.com/heslin_rothenberg_farley /

3 | Fuel Cell Technologies Program Source: US DOE 4/3/2012 eere.energy.gov


http://cepgi.typepad.com/heslin_rothenberg_farley

U.S. DEPARTMENT OF Energy Efﬁciency &

Fuel Cell Market Overview ENERGY

Renewable Energy

Megawatts Shipped, Key Countries: 2008-2010

100

Fuel cell market continues to grow
e » ~36% increase in global MWs shipped
75 | *~b0% increase in US MWs shipped

(MW)

Various analyses project that the global
fuel cell/hydrogen market could reach
maturity over the next 10 to 20 years,

2008 2009 2010 producing revenues of:
=USA mJapan =SouthKorea =Germany ®Other » $14 — $31 billion/year for stationary
North American Shipments by Application power
0T | «$11 billion/year for portable power

* $18 — $97 billion/year for transportation

4,000 |

:>; 3,000

£ ‘ Widespread market penetration of fuel

§ o k - cells could lead to:

K « 180,000 new jobs in the US by 2020

1,000 I .
= « 675,000 jobs by 2035
i 2008 I 2009 2010E

OPikeResearch EStationary = Transport HPortable
FuelCells2000, Pike Research, Fuel Cell Today, ANL http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/program_plan2010.pdf
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Fuel Cells: Benefits & Market Potential
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The Role of Fuel Cells

Diverse Energy
Sources & Fuels

Clean, Efficient
Energy Conversion

Energy Storage for Renewable Electricity
Intermittent Fuel Cells
_— — or
Turbines

Renewables
(solar, wind, ocean)
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Diverse Applications

Stationary Power

* Primary Power & Combined-
Heat-and-Power
(residential, commercial, industrial)

* Backup Power

Transportation

—

* Trucks
Auxiliary 3 HEES
Power * Aircraft
* Ships
~—

—

« Specialty Vehicles
Motive (e.g., forklifts)
Power « Buses

\_* Automobiles

* Consumer Electronics
* Battery Chargers

+ Soldier Power

Grid/Distributed
Power or Fuel

st
an s
1 Natural Gas |
Conventional 1
Propane
Fuels
I Diesel
- : Other
\ Hydrocarbons
- Fuel Cells
3 lkali
Biomass e Methane SRS
3 = Direct Methanol -
1 Methanol | = Molten Carbonate
= 1 1 = Polymer Electrolyte
- ! 1 Membrane (PEM)
Renewable : : »= Phosphoric Acid
Resources 1 1 = Solid Oxide
(wind, solar, ]
biomass) 1 Hydrogen
H
Nuclear ! :
1 [}
Natural Gas N ’ Portable Power
Coal
(with carbon
sequestration)
- —

Key Benefits

Very High
Efficiency

Reduced
CO,
Emissions

Reduced
Oil Use

Reduced
Air
Pollution

Fuel
Flexibility

40 - 60% (electrical)
> 70% (electrical, hybrid fuel cell / turbine)
> 80% (with CHP)

35-50%+ reductions for CHP systems
(>80% with biogas)
55-90% reductions for light-duty vehicles

>95% reduction for FCEVs (vs. today’s
gasoline ICEVs)

>80% reduction for FCEVs (vs. advanced
PHEVS)

up to 90% reduction in criteria
pollutants for CHP systems

Clean fuels — including biogas,
methanol, H,

Hydrogen — can be produced cleanly
using sunlight or biomass directly, or
through electrolysis, using renewable
electricity

Conventional fuels — including natural
gas, propane, diesel

eere.energy.gov




DOE Program Plan Released
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An integrated strategic plan for the research, development, and demonstration activities of
DOE’s Hydrogen and Fuel Cells Program: Includes Stationary, Portable and Transportation

Fuel Cells

[l Federal RD&D

BaCkup power syStems —

. Commercialization and Ongoing Industry Improvements

Stationary

Primary Power Systems Power

(Including combined-heat-and-power)

Specialty Vehicles
(e.g., forklifts)

Hydrogen for Early Market
Hydrogen Fuel
Ongoing R&D to provide renewable, low-cost
hydrogen for widespread commercialization

Transportation

A
Near Term 1.4

Mid Term > Long Term

Program efforts are planned to transition to industry
as technologies reach commercial-readiness.

The Department of Energy
Hydrogen and Fuel Cells
Program Plan

An Integrated Strateqic Plan for the Hesearc
Development, and Demonstr:
and Fugl Call

September 2011

Update to the
Hydrogen Posture
Plan (2006)

Released September 2011

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/program_plan2011.pdf
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Program R&D - Federal Role ENERGY | oy =hciency &

Renewable Energy

R&D efforts are focused on pre-competitive, high-risk technologies

High High
R}Ek |m|':,gact Examples of near-term and long-term R&D Non-Pt Catalysts
A A Materials-based H2
storage (e.g., spillover)
Photobiological &
High-Temperature Photoelectrochemical H2
Membranes production
Cryo-compressed Tanks Liquid-bassed fuel cells
Compressors
High-pressure Tanks
S Low-cost Tanks
Low-cost Pt Catalysts
Low-cost Membranes
and Membrane
ElectrodeAssemblies
v v
Low Less
Risk Impact

Near ¢ » Long

Term . Term
Time Frame
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SC-EERE-ARPA-E Collaborations
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Examples of Cross-Office Collaborative Successes

PP=5" office of Advancing
@ —d Science fndamental

U.S. DEPARTMENT OF ENERGY

science
knowledge
JCAP base
Solar to
Fuels Hub

Nanowire based solar fuels
generation (CalTech)

/ZZEF@C

ENERGY FRON

and

T

=
E, 1.0eV 1.3eV 14eV 16eV 18V
o

Bulk

Bandgap noparticles: 25 to Snm
tailoring

w-v~
(Stanford) '
Mechanistic

understanding of
catalysts

Biological H,
Materials-basec

Standard protocols

>

SEE U5 Daparimant ol Enirgy

High Throughput
Processes (UCSB)
:l': 1Y &

Sl &
- \

benchmarking

X

&) EERE Avplied RD&D of innovative technologies

Working Groups Using
PEC, Biological,
High T Membranes, ARPA-E
Storage Systems developed
catalyst in
4 water
3 splitting
2 device

4
light

Protective Layer
Stainless Steel
Mfdwes*oefecrromcs

Nano-catalyst
support scaffold
(Stanford)

Pt
monolayer

Pd core

yroduction
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ARPA-E: Focus on
creative, high-risk
transformational
energy research

Alkaline
Membranes

Sun Catalytix

Developing novel
catalysts (high
risk/high impact)

DOE 4/3/2012

eere.energy.gov



Market Transformation: Addressing us. veearruentor | Energy Efficiency &
VBT GIREIES ENERGY | renewable Energy

Deployments help ensure continued technology utilization growth and catalyze
market penetration while providing data and lessons learned.

Residential rE N
FedEx
Commercial , ®

Lift Truck, CHP,

Deployment Locations

100 g atat
¢ " |
75 N Sg SYSCO@
o Auxiliary N
Power, -
DOE: $42 5 swav  E3Kimberly-Clark
Cost-share: $54 o WH%LE
Total: $96 M. 2 Uegmans
< Material Handling Equipment (8 Sites and 504 FC Units) o 3500
0 Backup Power (204 Sites and 442 FC Units)  Material Handii GROCERS
O Stationary (1 Sites and 6 FC Units) 0 E;ﬁ::]enf N9 CENTRAL M Fetfx
A APU (1 Sites and 1 FC Units) Nureber of F 3000 - '
State/Site AIR’Ii‘ Sorint % S st
ARRA Deployment Status — August 2011~ PRODUCT printjp E MORE >3,000
Fuel Cell Operational Total Fuel 2 ADDITIONAL
Application Fuel Cells Cells Planned S 2000 FUEL CELL LIFT
g
Backup 5
Power 7l 539 5 1500 - TRUCKS
Handling 1000 NO DOE
Stationary 2 6 - fU nd | ng
APU 0 4
Total 840 > 1,000 0

2009Q4 2010Q1 2010Q2 2010Q3 2010Q4 2011Q1 2011Q2 2011Q3 2011 Q4
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DOE funding has led led to 313 patents, ~30 commercial technologies and >60 emerging technologies.
DOE’s Impact: ~$70M in funding for specific projects was tracked — and found to have led to nearly $200M

in industry investment and revenues.

Accelerating Commercialization

a5 EERE-funded Fuel Cell Technologies

that are Commerciallv Available
25
20
1
1 il
-« 11HLLRNNN

Pre 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ===
2000 I Fuel Cells Il H:Froduction/Delivery B H: Storage

Source: Pacific Northwest National Laboratory
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways success hfcit.pdf

(V]

Commercial Technologies
o

Cumulative Number of

wn

350 ~

300 -

>310 PATENTS resulting
from EERE-funded R&D:

250 -

2

=}
=]

1

w
=}

1

o
S

Number of patents

.
*7

w
¥ 4

BASF

Catalysts LLC

Proton Energy
Systems

1w

Quantum
Technologies

Tomposie esin

Dynalene,
Inc.

Close-up cross section of Without Dynalene FC
potar end of 1250 tank

Heat

T

- Includes technologies for
7 hydrogen production and
] delivery, hydrogen storage, and
. I I fuel cells
| l ‘ I I B EEEEENS M http:/lwww1.eere.energy.gov/hydrogenandfuelcells/pdfs/path

Pre 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ways_2011.pdf
2000

0
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Progress — Fuel Cells ENERGY | 5% Efficiency &
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Projected Transportation Fuel Cell System Cost

PI‘OJ eCted hlg h_ -projected to high-volume (500,000 units per year)-

©»

W

o

o
J

volume cost of fuel s B e esima Current status:
3 $250 - niilal Estimate $49/kW vs
cells has been S et oo ssonw
reduced to $49/kW & sxo | Bl seosxw
* 2
(2011) £ $150 |
% OB $94/KW Target
e More than 30% ¢ w0 $73kW $30/kw

$61/kW

reduction since $50 - SSURW s |

2008 IlllI-,L

2002 2006 2007 2008 2009 2010 2011 2017
Projected Costs at Different Manufacturing Rates

 More than 80% s § 5281
=¢—2007 Cost
" " % —#—2011 Status
reduction since Jszs g\srng
<
wr $175
2
O $12
3
*Based on projection to high-volume manufacturing (500,000 units/year). 2 $75 560 $4
The projected cost status is based on an analysis of state-of-the-art »
components that have been developed and demonstrated through the DOE $25
Program at the laboratory scale. Additional efforts would be needed for 125,000 250,000 375,000 500,000
integration of components into a complete automotive system that meets .
durability requirements in real-world conditions. Annual Production Rate (systems/year)
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High efficiency energy storage that leverages existing fuel cell technology

. - Redox Metal Cell —
Advantages of reversible flow cells for energy storage: Proton Excengs
. . - — m—
* High round-trip efficiency (60 — 90%) Crieoree e L
Carbon felt Carbon et
« Power and energy capacity are large and decoupled e | g e | e,
in 4M HCI EEN & FeCl in
: @ ®
* Low self-discharge
. HydrogeniHalogen Cell
» Reliable and stable performance protn ronans
H, « 2H" + 2¢" \’ Br, + 2e' «+ 28Br

Applying breakthroughs from core fuel cell technologies T e
would improve efficiency, performance, durability, and cost s | ; e
e ®
% Metal-air Flow ba.t-leries. Pumped
Flow cells can leverage fuel cell T || batieries LZnBr VRB PSB hydro
technology in: § | High energy | NeSbatery | oﬁiﬁm
E §|Lsuper capactoy Energy
Electrocatalysts 132 Lead acid batteries | S
Fuel Cells  Electrode Architecture . Ftltow g I - NiCd |
| on EXCh ange M embran €S ateres % ® Other advanced batter:ies ] 3
Diffusion Media Z- _
B| polar Plates = High power ﬂy:' wheels | f
g ‘ High: power supercaps | SMES

1KW  10kW 100KW 1MW 10 MW 100 MW 1GW
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: Knowledge from fuel cell technology can lead to
Materials developed for fuel cells can be : : :
adapted for reversible flow cells (e.g great improvements in reve_rS|bIe flow cells.
H,/Br cell, LBNL) e UTRC ARPA-E flow cell project has produced
2 : Vanadium Redox Batteries with 10X power

density of conventional VRBs.

Example: NSTF
catalysts from 3M are
being applied to H,/Br
cellsin LBNL-led
ARPA-E project

lon-

selective
Electrode Membrane

Electrolyte

NSTF whiskers

933031 3.0 wv xX30.1K "‘$honAm

Cell power density comparison (W/cm?)

QrpPQ-@

Replacement of O, electrodes with Br, Typical flow-battery Oberate ht 50-100 mA/bm?2
electrodes in closed-loop flow cells leads to cell
efficiency and performance improvement.
Br, kinetics are ~8 orders of magnitude faster UTRC flow-battery
cell

than O,, with no precious catalyst required.

QrpPQ-@
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Fuel Cell Catalysts: NSTF ENERGY | o onr ®

3M nanostructured thin film catalysts provide high performance, low PGM content

50 square km field of new wheat,

3M NSTF Catalyst 4" tall, 2" apart, 12,355 Acres
Oriented array of
organic nanoscopic
crystalline whiskers,
on a microstructured
substrate, sputter

*

. T Shrink it down by factor e S47 J.0 300nm
coated with metal of 100,000 in all 3
catalysts dimensions “Whiskerettes” of Pt grow
. N/ 1 Nanostructured off sides of crystalline
.\\"I!“ kf& Whisker for Each Wh |Sker core at 700
Blade of Whe-* ,,
50 sz MEA I ; I Nw:%esrnd(‘r:ﬁq AT _IN‘ETFF‘IfI‘OI\hOIL"I'n'In I.' F i ;
12 R : : ‘ " PEM: M50 EW, 20 micron; GOL 3;.|Nmn?gtm ]
M e e
G135142  #5 XSECT e e e

06 Memgg %
[ —— = e . : : g L
[ E— > :_' e

L Y Gl S Galvanodynamic Scans
i T, =80°C
n
0.4 ‘| Hjair stoich = 2.0/25
0.3 H_/air Inlet pressure = 150 kPa
L Relative Humidity = 67%
02 b il ©DS(0.02 2 10 stepidec, 180s/pt) ... ..o i
0_0_. PR P S o SR S S

Both MEA electrodes conditioned
0.0 . . 0.6 0.8 1.0 12 14 16 18 2.0

50 cm’ Quad serpentine cell [ -
SO u rce: 3M J {Ncmz) Specifc Power Density Projections- graph 10

BK 3, 8084me

Cell Voltage (V) and Power (W:‘cmz)
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PGM-free catalysts developed at LANL for low-cost applications

Catalyst SEM: Layered-graphene
sheet marked with green arrow;

L . PANI-FeCo-C
FeCo-containing nanoparticle N'E\o.4 '-'MWMNWW
shown with red arrow. o

<02

0.001 0.01 0.1 1
i (A/lcm?)

: R, e ] 1. . . . .
00,0 fororey e
ma iy ==
TP e M <38 Pt(H,-air)
. ‘:“' A % B />'\ | S \‘\\ :
&é B 3 "
(@]
£ '
: s Polyaniline I3 *
@ carbon particle - Oligomer q>_) 0.6 +
le 2 )
The Synthesis pren . eor: ‘ @ PANI-FeCo-C
- e l& a% 0.4 A - . :
—* - ’ D - Activity vs. Pt
o--O : . anc IS :
.'.’.-‘ '-..‘ -‘1. feasi

Carbon shells doped with -
nitrogen functionalities possibly g
coordinated by metallic species

‘._. Metal aggregates
i i G. Wu, K. L. More, C. M.
Johnston, P. Zelenay,
Science, 332, 443-7 (2011)

* High ORR activity reached with polyaniline-based and
cyanamide-based catalysts

Intrinsic catalyst activity is projected to exceed 130 A/cm3 at 0.80 V
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Electrode Architecture

)

Intensity (cm

Intensity (cm'1 )

U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &
Renewable Energy

Catalyst and ionomer structure determines performance and durability

o Na+

'H,O/IPA

b Py

1.0E+0 |

2.5 wt% Nafion 212
1.0E-3 L L

.01 .1
0.0 Qi) 0

1.0E+2 . ;
Glycerol ¢ Na
10641 L % ¢
LY
1.0E+0 |k
1.0E-1 L
1.0E-2 L ‘
2.5 wt% Nafion 212
1.0E-3 " '
0.01 0.1
QA"

Lack of ordering in
glycerol

iR corrected cell voltage (V)

iR corrected cell voltage (V)

o
o

e
o

=
[=]

o
~

=
=)

A WIN cathode

—0o— 10k
—a— 30k
—C— T0k

Water Based

—=— Initial

,
o
Mo

.
o
:

N
So
=

08

06 r

04 r

02r

0.0

Gly cathode
Glycerol

=== Initial

=T 10k

—h— 30k

—— TOk
0.2
- 101

(b Do DM RN D>
1 1 L L 00
0.0 0.5 1.0 15 2.0

Current density (A cm?)
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—— High durability — exceeds
30,000 cycle target

HFR (Q cm?)

HFR (Q cm?)

Catalyst degradation is complex —
major loss in ECSA with negligible
loss in performance

40

Glycerol

irma om?

[
a0k
12 ok

00 0z 04 06 08 10 12

initial

10k 30k

Potential cycles

70K

Y. Kim, C. Johnston et al., LANL

eere.energy.gov




Low-cost Bipolar Plates ENERGY | Srer9y Efficiency &
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TreadStone: Surface patterning for materials cost reduction

< Conductve vie

VA~ - 414
Ry . Gold Vias Cover
Cias Dfusion | ayer——— Fetr vy - 1.4% Surfaceé area
cuert Tah (S o
typolr pia e —— 4 & 'T, Netal Gore
_ ; " ~ Neon conduty e
Gas Diffusion Layer [ A -
o coating
MEA

S Cenductive vis

 Small vias provide electronic conductivity, while most of the metal plate is covered
by corrosion-resistant coating

» Plate technology successfully demonstrated with Au vias and SS substrate. Cost:
~$3.5/kW

e Currently developing plates with lower-cost vias (carbon nanotubes, conductive
carbides) and substrates (carbon steel) to achieve $3/kW cost target

C. Wang, TreadStone
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lon Exchange Membranes
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Innovative membranes for PEMFCs and DMFCs

* 3M PFIA membranes meet most
DOE targets for performance
and durability

* PFIA maintains high crystallinity
at lower equivalent weight than
PFSAs - better mechanical

Arkema PVDF/polyelectrolyte blended
membranes have low methanol permeability

 Kynar®PVDF
» Chemical stability, mechanical strength
» Excellent barrier against methanol

* Polyelectrolyte
 H*conduction

 PVDF can be compatibilized with a range
of polyelectrolytes

| Methanol Crossover

—/—PFSA, Tmil, 3M
=x=M43, 2.1mil, 3M
—{—Candidate A, 1.4mil, 3M
== PFSA, Tmil, 10M

== M43, 2.1mil, 10M

3M MeOH, 80°C

—& - Candidate A, 1.4mil, 10M

Voltage (V)

properties
CF i_F *
*/{/ ECFj_r‘/ 2‘,:II:"]’I/
cF
CFg 500
CFyl -
CF5
SDE{: H £ 400 1
sc:-;f' e
ICFE \ £ 3001
CF3L .
CF, 5 %0
50,H $ 200
Two _ % el
superacid 2
PFIA sites per "]
side chain 0

S. Hamrock et al., 3M
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PFSA
7 mil

M43
2.1 mil

Candidate A 0
1.4 mil

1 A=
v
: S
2 25cm?cell, 60°C, 1 bar abs
01 3M MeOH 2 stoich, dry air 3 stoich,
00 10M MeOH 0.6ml/min, dry air 1.0slpm.

100 200 300 400

Current density (mA/cm?)




Manufacturing R&D ENERGY | 519 Effcioncy &
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RECENT ACCOMPLISHMENTS o Cost Reduction of Gas Diffusion Layer

$36/kW total 0 Quality Labor
* Developed process model for controlling 8350 1 0 Mixing Labor
5 00 _% $30.0 | W GDL Coating Labor
GDL coating conditions (Ballard) < mMeterels
— Significant improvement in _quality s 3250 I
yields and GDL cost reduction g 5200 | . 1700 1ot
o O
estimated at 53% to-date 2 8150 . LAk e
o vs. 2008 _>
* Manufacturing of Low-Cost, Durable $100 1 -g -—>
MEAs Engineered for Rapid Conditioning 350 | | s
(Gore) s | | |
2008 2009 2010 2011

— Cost model results indicate that a new
three layer MEA process has potential
to reduce MEA cost by 25%

* Adaptive process controls and
ultrasonics for high temp PEM MEA
manufacturing allows for more than 95%
energy savings during the sealing
process (RPI)

* Developed an innovative online X-ray
fluorescence for high-speed, low-cost
fabrication of gas diffusion electrodes
(BASF) 1T

This is the first time a scanning XRF has
been used on GDEs — BASF
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2011 Reversible Fuel Cell Workshop ENERGY | ronosolo Enorgy

'R H'V'E 'R 8 | 8‘ L| 'E This workshop addressed reversible SOFC
FUEL CELLS and reversible PEMFC in renewable

_ L _ electricity storage applications.
Crystal City, Virginia, April 19, 2011

Workshop participants generally agreed that reversible technology is
feasible for cost effective storage of renewable electricity, with further
development required.

Issues requiring further study:

* New catalysis materials for air/oxygen electrode are needed to improve durability for both
PEMFC and SOFC based systems.

* New stack designs and new approaches to heat management need to be investigated.

« Speed with which the systems can reverse directions and respond to variable inputs and
loads is important for grid support.

Complete workshop report available at:
http://www1.eere.energy.gov/hydrogenandfuelcells/wkshp_reversible_fc.html

=3
Organized by: : : N R E L

NATIONAL RENEWABLE ENERGY LABORATORY

20 | Fuel Cell Technologies Program Source: US DOE 4/3/2012 eere.energy.gov
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Reversible Fuel Cells ENERGY | 5rerey Effcioncy &

Renewable Energy

Reversible fuel cells for energy storage applications

A =
' Hy0 + 2¢ => H, + 0 | AR

ELECTROLYTE T

02.

ELECTROLYTE 1 02

Target Status
M Performance 0.223 Q-cm?in
(Area specific resistance in < 0.3 O-cm? SOEC
both SOFC and SOEC ' 0.224 Q-cmZ?in
operating modes) SOFC
Reversible SOFCs under development at ¥ Degradation < 4% per 1000 ~1.5% per 1000
. (Overall decay rate) hours hours
Versa Power Systems provide hydrogen
generation and energy storage capability 1005 hours
M Operating Duration > 1000 hours (as of Go/No-Go
Decision)

M Operating Current

: > 300 mA/cm?2 500 mA/cm?
Density
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U.S. DEPARTMENT OF Energy Efﬁciency &

EN ERGY Renewable Energy

Thank you

Sunita.Satyapal@ee.doe.qov

Dimitrios.Papageorqgopoulos@ee.doe.qov

www.hydrogenandfuelcells.energy.gov
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Additional Information
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Worldwide Investment & Interest
Are Strong and Growing

U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &
Renewable Energy

Interest in fuel cells and hydrogen is global, with more than $1 billion in public investment in RD&D
annually, and 17 members of the International Partnership for Hydrogen and Fuel Cells in the

*

Activity by Key
Global Players

B Germany: >$1.2 Billion in funding '07 — '16);

plans for 1000 hydrogen stations; >22,000
small fuel cells shipped.

Japan: ~$1.0 Billion in funding ('08 —
"12); plans for 2 million FCEVs and 1000
H2 stations by 2025; 100 stations by 2015;
15,000 residential fuel cells deployed

European Union: >$1.2 Billion in funding
(08-'13)

South Korea: ~$590 M (‘04-'11); plans to
produce 20% of world shipments and create
560,000 jobs in Korea

China: Thousands of small units
deployed; 70 FCEVs, buses, 100 FC
shuttles at World Expo and Olympics

Economy (IPHE).

International Highlights

Germany plans for
1,000 hydrogen
stations by 2017—
in partnership with
an industry
consortium.

South Korea has

purchased >100 MW
of fuel cells from two
U.S. companies, and

fuel cells are major
part of Seoul’s
renewable energy
plan.

Case study Germany
Refuelling station roll-out 2020

Hydrogen Refuelling Stations -
Type
. B
o ¢

e D
Corridors

Year: 2020
Cars: 600,000
HRS: 1000
Customers/HRS: 600

| StatoilHydro

Anticipated Renewable Energy
Generation in Seoul. Korea by 2030

Fuel Cells

48%

Source: Municipal

Government of Seoul
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Renewable Energy

Improved efficiency of renewable H, production by matching the polarization
curves of PV & electrolyzers to enable direct coupling.

—_
N

T +—— Direct coupling vs Power Conversion w Max Power Tracking

Expanded Facility to
test multiple
technologies (wind,

* Optimized power conversion
and demonstrated consistent
power output across larger
range of solar input

 Demonstrated up to nearly 20%
power improvement at low
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