Fuel Cell Types Overview



Fuel Cell Types

PEMFC |PAFC AFC MCFC SOFC
Electrolvte Polymer | Liqud H,PO, | Liquid KOH Molten Ceramic
cHoly Membrane | (Immobilized) | (Immobilized) Carbonate R
Charge H* H* OH- CO3% O~
Carrier
Operating 80 °C 200 °C 60-220 °C 650°C | 600-1000 °C
Temperature
. . . ; Perovskites
Catalwst Platinum Platinum Platinum Nickel _ .
g (Ceramic)
Cell Carbon- Carbon-based | Carbonbased Stainless- Ceramic-
Components based based based
Fuel H,
R < H, H, H., CH H., CH, CO
Compatibility | Methanol - - » »

* Electrolyte determines the type of fuel cells and
operation temperature.

— QOperation temperature significantly affects the use of other
components such as catalyst.



Applications vs Power

PCU(Power control unit) Ultra-capacitor
Fuel cell system radiator

DC brushless motor
and transmission
Fuel cell stacks

High-pressure
Fuel cell system box hydrogen tanks

TW TKW TMW

DMFC
MCFC
PAFC
PEMFC



Mobile Application

2000

] Device Consumption
[] Battery Capacity




Stationary Application

STATIONARY POWER APPLICATIONS Uninterruptible power supply.
up power (0.5 - 200kW) and stand-by power generators

For applications where
reliable, high-gquality
power is critical

* hospital operating rooms =
= computer databases
= emergency exit lights

INSTITUTIONAL,
COMMERCIAL AND
INDUSTRIAL POWER

HIGH-QUALITY RELIAELE
POWER AND HEAT

High temperature fuel cells
providing 100kW-2MW
have baen installed in
buildings since the 1980’s




Transportation Application

210

MOBILE APPLICATIONS

Fuel cells can supply el

“...performance and range
~ of a gasoline engine”
“...the only emission
is pure water, you can
drink the exhaust!”

i A~ ! 3 .
«__.drives like a normal car, except it’s silent”

SMALL CONSUMER G
AND INDUSTRIAL VEHICLES

Fuel cells replace 2-stroke engines and large
batteries to increase mobility




PAFC

=

H,
Porous
graphite
anode H,=—+2H*+ 2e
_ H.PO, in
e 3 4 H*
SiC matrix l l' l l
Porous 1/20, + 2e- +2H"— H,0
graphite
cathode
O,

Anode : Hy — 2HT 4 2e~

Cathode ,%[:Jf_g +2H" 4+ 2~ — H,0O

« Low T operation: 200
« Pt/C catalyst
o Solidified liquid electrolyte

Pt/C
catalyst



Electrolyte evaporation
CO, S poisoning

Moderate success in commercialization (cost barrier,
maintenance)

Emergency power generation



AFC

H.

Parous

carbon
anode H, + 20H-== 2H,0 + Ze-

Aqueous KOH = OH H,0
electrolyte .

Porous 1720, + 2e- + H,0— 20H-
carbon
cathode

-

P1C or Mi
catalyst

Oy

Anode : Hy + 20H- — 2H,0 + 2e~

Cathode : 10y + 2~ + HyO — 20H-

Low T operation: 60~220

« Pt/C catalyst
 Solid electrolyte



 (Carbon dioxide poisoning
« Pure hydrogen & air (oxygen) only

« Special applications such as space mission (Gemini
project)



Porous
nickel/

chrome H_ 4O > —CO,+ H,0+2e

\ Molten carbonate Imal'I

in ceramic matrix

Porous 1/20, + CO, + 2e —CO &
nickel S S
oxide :

Konnnnnshnnnnnnfunnnnnnhonnnnnnnnnnnnununnnnnnnnnnnnnnnnns

Anode : Hy + CO;~ — COy + H,O + 2e-
Cathode : 10y + CO, + 2~ — CO;~

High T operation: 650C
Ni catalyst

Immobilized LI2ZCO3 electrolyte in LIOAIO?Z
COZ2 recycling



25kW Pressurized MCFC System operated by KEPRI since 2000

Stationary power generator
Demonstration upto MW

Well demonstrated technology

High efficiency ( 50%> for CHP system )
No CO issues (CO as fuel)

Difficult to increase power density



H,
Porous
nickel/YSZ
cermet H2+02'—*H2G+EE_

Solid ceramic
I electrolyte I I 0 I I
Porous mixed  1/20, + 2 — 02

conducting
oxide

O,

Anode : Hy + 0*— — H,0O + 2¢e-
Cathode : 10, + 2e~ — O™

High T operation: 600~1000C

Ceramic electrolyte: YSZ, SDZ, SDC, GDC, LSGM...
Anode: Ni/YSZ

Cathode: LSM, LSC, LSF, LSCF



100kW Atmospheric SOFC 220kW Pressurized SOFC-GT
Hybrid System

Stationary power generator

Demonstration upto MW

Fuel flexibility

High efficiency ( 50%> for CHP system )
Relatively high power density

Relatively expensive components/fabrication



SOFC’s

ns Westinghouse
ular SOFC Design
Interconnection

Electrolyte

Air electrode /

Fuel Flow

Air flow Fuel electrode




SOFC's
lanar Solid Oxide Fuel Cell

Current Flow

End Plate

Anode

Electrolyte
Fuel Cathode
Flow

Bipolar Separator
Plate

Oxidant

Flow Anode Solid Oxide Fuel Cell

Electrolyte = Fuel Hio L:B
Cathode = e M
e |

Fuel
Flow

End Plate . S Rz 200 Sv 2 210

Oxidant
Flow

o,
. Depleted 6,—:‘ .y
A Oxidant Heat
Lx’




Design Comparison

Tubular Cells Planar Cells
Spefvi\‘;}gn'?gwer Low (0.2-0.3)  High (0.6-2.0)
Volur?vflt/::ircngower Low High
g o
High Temperature o ecessary Required

Seals




SOFC Potential Markets

Automotive APU Residential Power Units with
Combined Heat and Power.

Peneian und Caie 5, Siman

Commercial Power Units

Heavy Duty Truck APU to
eliminate long term idling or
EPU as part of Electric Truck
Architecture

Military uses are similar to that
in mobile applications with
modifications for High Sulfur
fuels: JP8



Annual US. Emissions Saved Using
/\DI I('\ . f'\l o Q ‘I'I’I f\I/C\ {\IO IAIII’\H\
I\l UO III \JI0.00 IU\JF\O \Vo.lUllll\Yy)

* Diesel fuel saved:
— 419 million gal./yr
» CO, reduced:
— 4.64 million tons/yr

e Assumes

— 2.1 million Class 8 trucks

— 311,000 have overnight routes (APU candidates)
SECA



Truck vs Diesel APU vs SOFC APU
EmMIissions

175 gminr |-

d--_--

=
o
i

| 10 gmmr Truck ldling and
APU data

taken from
SAE Paper

2003-01-0289
a Fuel Cons Galls/hr

44

o PM gms/hr

NOx gms/hr |ONOx gms/hr
PM gms/hr

Truck

Fuel Cons Galls/hr
Idling Dlesel APU

SOFC APU

gms/hr
gallsthr o



Delphi SOFC APU

Cathode Air

2x30-cell SOFC Stacks Heat Exchanger

'CPOx Natural

Gas Reformer




Portable SOFC’s for Military Power

Fuel Cell

Military
System Batteries
Propane powered
« 4.2 kg . 23 kg
Three Day ° ;5fL | - 20L
. « 3/ fue « $2,300 Battery cost
MiSSIOn . ¢5 000 fuel cell
sgstem
. « 38 kg 469 kg
Life Cycle . gs | . 399 L
(1500 hrs) e $149 fuel « $46,900 Battery cost

« $5,149 fuel cell
system



Electrolyte
T0um Y52

Anode
Mi+ ¥Y&7

2005 2006

Generation 2.0 Prototype

SOFC System

Adaptive Materials B

INnC

Hydrocarbon Fuel Tank

Fuel Tank 0.15
2 OW P t b | S O ’:C Fuel Loading, kg 0.35
O r a e Fuel Tank, kg na
Het Tuel Cnergy, Whr 1215
20 Watt Run Time, hr 61

Specific Energy
3 Day Mission, Whrikg 923
10 Day Mission, Whr/kg 1633




PEMFC’s

Porous
carbon

anode H,=2H*+ 2e-

Polymer . Pt/C

electrolyte 2 catalyst
|

Forous 1/20, + 2o +2Ht== H,0

carbon
cathode T
|

0,
Anode : H, — 2HT 4 2e~
Clathode : %{:}g +2H* + 2= — H.O
Low T operation: 30~130C
Pt/C catalyst

Polymer membrane: Sulfonated PTFE(Nafion, Dow,
Membrane-S, Gore..), PBI(Celanese), PEEK,
Polymide...

Carbon cloth (paper) electrode



PEMFC’S

PCU(Power control unit)
Fuel cell system radiator 00 Behler rgtae
. and transmission
Diive train radiator B+ Fuel cell stacks
djx2 o i) §
%2 o Humidifie unit

Ultra-capacitor

Fuel cell system box hydrogen tanks

1.5kW portable PEMFC system Honda fuel cell car platform
by Ballard

« Highest power density
 [ast start—up

 Low operating temperature makes it suitable for
portable market.

« Poor CO & S tolerence
 Water management issue



PEMFC’s

a) Teflon Blank == b) Apply TBATInk ——=— ) Dry

d) Hot Press to Na*Membrane ——— ¢) Peel Off Blank
(200 - 210°C) and Protonate



AN Al 24 & &

2000 O O00
O O0O000O000O
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=

& Cathode

Separator (Sasket Electrolyte
H, membrane

w
End plate Gas

diffusion
layer




—Pressure Plate & Current

Collector

* Pressure Plate

* Insulator
 Current Collector

—(Gasket
* Spacer

- MEA

» Gas Diffusion Layers
» Catalyst Layers
* Membrane

—_Separator
» Carbon Plate or etc.




PEMFC Stack

Fuel Cell Stack

Cathode(+) /Anode(-)

V=28Y

E::I‘: Membrane Electrode Air Flow
Plate Assembly Pattern

Fuel E Iet:trlt:llu
Channels

Fuel Flow Pattern




PEMFC A4 gt & &
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PEMFC’s tor Automotive

Prius FCHV

Control Unit

Secondary
Battery

Secondary
Battery




A=z M Al At= Rt

Fuel cell system

=

:_I-hmid$naﬁmj-* A sLpply )

e Vo - (D
f_mulswtenﬂ
PCU (Power Control Unit) @
Fuel cell system radiator Compact, lightweight DC brushless Ultra-capacitor

(large) x1 motor and transmission

Drive train radiator
(small) x2 :

Air pump Fuel cell cooling pump High-pressure

Fuel cell system box hydrogen tanks

2L} FCX



Fraction of total vehicle miles or new vehicle sales

» Complete replacement of ICE vehicles with fuel cell vehicles in 2050

I=FSPNDNE=PN,

a2 0=

Optimistic Case Postulated by Comm:ttee
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Well to Wheel Efficiency

Well to Wheel Efficiency

Woell to Tank | Tank to Wheel Well to Wheel (%)
N %0 10 20 30 40
Gasoline 14°
Vehicle 88 16
Gasoline HV 88 37
High-pressure
bogen| | 38
FCHV Q 50 With HV control
FcHv 5| 70 | 60

‘1 Matural gas base

Il Japanese 10-15 Mode Toyota's estimation
TOYOTA MOTOR NORTH AMERICA, INC.

Al AsXt AIAE 282 HE ER



Energy use (Btu/mi)

8000

7000

6000

5000

4000

3000

2000

1000

Well to Wheel Energy Use

O Current B Future

NG HNGw/ Coal Coalw/ Nuclear Biomass Biomass

seq. seq.

CENTRAL STATION

w/ seq.

MIDSIZE
Technology

NG Electrolysis  Wind
(grid)
DISTRIBUTED

PV {grid Gasoline

backup) (GE




Fuel Cell System Cost Breakdown

Light Duty Fuel Cell Car Example
(Data from Arthur D. Little, Inc. “Cost Analysis of Fuel Cell Systems for
Transportation™, Final Report to the DOE, March 2000.)

D FC Stack
mECP

FC Stack

OMEA

M Bipolar Plates
O Gaskets

O Sealing

Coaling

Air Systemn
14%
Mermbrans Fusl Systemn Aszembly-
25% B19% Inclirect
Catalyst 17%
a .
Electrode ECooling
&7% (mleinin W AIr System
B M ernbarane CAsacmbly/indircct
C1Fusl System

lov 30, 2004 HCatalystElectiode Lecture
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i
N F

Eipolar
Plates

Diffusion Media

Cell Fixture
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S M & X (Balance of Plant, BOP)

H2 recirculator

Radiator

Water pump &

Air supplier

Humidifier &

Dimineralizer




Air Supplier

Radiator

e

I‘,—l:- il !:l.!. :
ekl

Water Pump
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Demineralizer

H?2 Recirculation
System

BOP Jl= JHgt IHA|

W ®IBEE RIS 32
Ol2MH 2H HE

(70C Ol &) ZE JHe

g R U7 =2

He

X MOl =4 M=& = &8
LHAIA ATH R

OLM A & (Sealing S)
BLOC 2 H JHE



DMFC’s

A METHANOL FUEL CELL
!

-« _—
Carbon H,0 Water
dioxide c

E
Methanol 0, Air
_;..._ _{—.

Water



Hybridization
battery
(Li-lon)

DMFC System

Power density: 22 W/l
Energy density: 110 Whikg

Water Cooling

Cathode blower condenser blower Stack

/

4| Cruising range: 120 km
’.' Methanol: 6.5

25%

Tsystem :

former lead acid




Simple Liquid DMFC System

_ _ >
Water
{ Separator
Tank
7\ L

‘ Water Condenser




DMFC Electrode Reaction Steps

Anode Reaction

CHsOH +s* > CH;OH g,

CH,OH+H,0 >CO,+6H*+6¢e

Cathode Reaction

3/20,+ 6 H*+6e > 3H,0




Problems with Nafion DMFC

» Methanol crossover from anode to cathode

- Dilution (5-15% in water)

- Electro-osmotic drag of water

- Reduces fuel utilization

- Competing reactions at the cathode

- Polarizes the cathode (poisons catalytic sites for O,)
- Reduces overall cell potential

e Poor oxidation kinetics

- Anode polarization dominates cell performance
- Need for good anode catalyst

* Reduce or eliminate precious metal catalysts

Best performance : 0.4 Q/cm? at 130 °C using 3 atm. O, at cathode



Methanol Concentration Control

High methanol concentration
* low anode overpotential T
» high methanol permeation | IOW Cpeons
» high cathode overpotential (mixed potential)
T high Cyeon
Low methanol concentration
» high anode overpotential +
 low methanol permeation

+ lower cathode overpotential i ;




Voltage (V)

DMFC Performance

| - 0-8
1960s, 60 °C 160 ) 1M
\REEREE 19905, 90 °C . o %, .
) 0 £ 2 oe r7= =2
1"'..._-; 7] : .l_“
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-lt.|rJl ."! _ 5 5
. a* ] L =
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!g 01 4 i om
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E 0 ] 1 1
i 0 0.5 1 , 1.5
= Current Density /A ecm’
g
5

CNR-TAE Unsupported Pt-Ru 1:1 alloy catalyst
Air=3 atm, 130 °C, Max Power 300 mW cm™




DMFC’s for Portable Power

Single Cell/

Stack T e || Tt Oxidant Methanol Anud_e Membrane Cathode # cells/Surface
Conc. Catalyst Electrolyte catalvst area
Developer
] / = ! 7 rofe . : 3_ :: 2
Motorola Labs | 12-27 mW/em”™ 21°C Ambient air IM_. (0.'4:' PURu 11_101’ '36 Nafion 117 Pt L2 47151 cm_
ml/min ) 10me/cm G- 10mg/cm Planar stack
Energy
Related 3-5 mW/em® 25°C Ambient air 1M -Pure Pt/Ru alloy Nafion Pt Planar stack
Devices
Jet Propulsion P o e e Pt/Ru alloy, 4- e s Pt, 6/ 6-8cm”
: 6-10 mW/cm 20-257C Ambient air 1 3 Nafion 117 ) 2 .
Ame/cm 4-6mg/cm “Flat-pack
Air flowed at 3- ,
Los Alamaos . o . - Pt/Eu, 0.8- Pt, 0.8- 3
7, : 5 Sl 7 i . ) 5/ 45cm”
National Labs (300 WIL) 60°C ” tl_mes . 0.5M 16.6meg/cm” Nafion 16.6meg/cm” 43cm
storchiometry = =
Forsch m?gsz en _ o o ) _ s . ) .2 40/ 100em’
trum Julich 45-55 mW/ ol 50-70°C 3 atm Os 1M Pt/Ru. 2meg/cm Naftion 115 Pt, 2mg/cm .
- = Bipolar plate
GmbH
Samsung
. 3 . 'l
g -5 = . . i s ) -
Adv Iam:‘ecl 10 _..C' mW/ cm 75°C Ambient air 25M Pt/Ru Hybrid Pt 12/ 24ecm
Institute of (single cell) membrane Monopolar
Technology
OL'€; i - Ambient — N , 2
Korea Institute | 5 545 . , ) PURWC metal | Nafionll5 & _ 6/ 52cm’
of Energy W em? 25-50°C pressure, O, 2.5M Sowder 117 Pt-black Bivolar
Research (300 co/min) I ) POk
Korea Institute 15 / 90cm’
of Science & 3-9 mW/cm® 25°C Ambient air Pt/Ru, 8mg/cm’ Nafion 117 Pt, Smg/cm” ©
) - = Monopolar
Technology
More Enerey 60-100 , ) ) 30-45% Liquid 5
fm 5 F\EG E n " 2 2
Litd. mW/em~ C Ambient at Methanol PURu Electrolyte Pt Ocm




DMFC’s tor Transportation

Single Cell/ g/ . )
g, PG“_E” Temp . LR Anode Membrane Cathode i L
Stack Power CC) Oxidant Conc. Catalvst Electrolvte catalyst Surface area

DEV&]U]_JE]‘ density ' (M) : : . (cm )
BALLARD
POWER 3 kW 100 air 1-pure Pt/Ru Nafion Pt
SYSTEMS, INC.
IRD FUEL 100 90- | 1.5 atm , . 4/ 154em?
, < 2 . - Pt/Ru Nafion Pt . _
CELL A/S mW/cm 110 Alr Bipolar
NRTTA 140 3 5/ 225em?
CNR.ITAE 3 atm _ . 5/225em”
— } .2 | 110 : 1 Pt/Ru Nation Pt .
NUVERATUEL | mW/cm Air Bipolar
CELLS
250 110 38“11 Pt/R Pt-black. | 3 em’
9 ) - /Ru -black. | 3 cm” per
SIEMENS AG mW/cm . _ 0.5 Nalion 117 . oA 1
) (80) | (1.5 atm Amg/cm cell
(90) :
Aar)
LOS ALAMOS | 3 atm, 30/ 45¢m”
NATIONAL (1 kW/L) | 100 N 0.75 Pt-Ru | Nafion 117 Pt Rinolar

LADD




DMFC Challenges (

*High activation loss (-400mV)
-Electrooxidation of methanol
-Electroreduction of oxygen (ORR)
-High Pt-Ru and Pt loadings
(~4.0 mg/cm?2)

*Poisoning of anode electrocatalyst by
adsorbed intermediates;
-CO, formaldehyde, formic acid

Methanol cross-over from anode to
cathode
-Coulombic efficiency losses (~30%)
-Increase of activation overpotential
for ORR

methanol permeation (mA/cm?)

alf & Single Cell)

0 - ; .

200 300 400 500 600 700

current density (mA/em?)

Methanol permeation for different methanol
concentrations. The methanol permeation is
expressed as the parasitic current density. Operating
conditions: 110 °C; pressure 3 bar absolute; oxygen
as oxidant; measuring time per point 15-30 min.
from: J. Power Sources 111 (2002) 268-282



DMFC Challenges (Stack)

'Planar cell layout, Motolora Inc.

sLow power density ]
_(2000), US Patent, 6,127,058

- 350 mW/cm? (DMFC) vs. 900
mW/cm? (PEMFC)

L. ow methanol concentration
-Optimum of 1~2 M

Planar cell connection,J.
Power Sources, 93 (2001)

: | 251) 2
-Reduced energy density and | °b) Fuel
. =
specific energy N
/ Air
.Hig h COSt o Dlﬁ;[ff e Membrane
- Electrocatalysts ~$200/kW Fuetprocesar [

27%

- PEM ~$600/kW
- Fabrication of electrodes, MEAS,
bipolar plates almce of Pl

3%
System Assembly

7%  Tailgas Bumer Others

. ! ) Gaskets
3% A S:EPPL} Cooling Sysem  Bipolar Plate 0 20
o 704

*Pressurization of gases e .
- Use of 3 atm air to minimize Cost break down, Small fuel cell seminatr,
mass transport losses Washington DC, April (2002)



DMFC Challenges (System)

 Competition with existing
technology
-Lithium-ion batteries for small
portable power sources (laptop
computers, cellular phones, video
camera’s)

» Size reduction
-Difficulties in miniaturization of
DMFCs and auxillaries for portable
applications

 Air breathing limits power densities
 Lifetime issue
-Unknown as compared with

competing technologies

* High capital costs
- Portable power, transportations

Thermally Integrated 15-25 Watt Fuel Micro reformer,
Processor Battele in Small fuel

o cell seminar,
Dimensions: . B i}
347x075"x0.22" [ Washington DC
May (2002)

Water recovery system MTI in Small fuel cell
seminar, Washington DC May (2002)

Fulidics and

electronics F Il
y 4
DC/DC converter &

Re-circulation pump

logic
N
MeOH feed >
pump

Anode out

water




DMFC Prognosis

Stiff challenges from competing technologies
— Cost

— Reliability

— Lifetime

— Maintenance

— Batteries, Small IC engines...

Low power densities
— Impressive progress in technology recently

— NnAncet criitahla fAar emall nnrtahla annliratinne in N
IVIVOL DUILANMIV 1TV viliddl pUI LUV IV uppllUuLlu [\ 2 | \ )

High activation overpotential

— (Considerable reduction is essential for higher power
applications (stationary, transportation)

Operations temperature

— High T operation (~150 C) can enhance prospects of higher
power level applications



Direct Formic Acid Fuel Cells

HCOOH — CO» + 2H" + 2e

HCOOH + P! — Pt—CO + H,0

P + H,O — Pt—OH + H' + ¢
Pt—CO + Pt—OH — 2P" 4+ CO» + H'e

Overall: HCOOH = CO» + 2H" + 2e



Borohydride Fuel Cells

8¢ —=
NHBH4 Oz{air)
+ NaOH — “— +H,0
+ H,0
NaBH,+8OH" s Na* E 20,+4H,0+8¢"
—+ NaBO,+6H,0+8¢" £| O 5| |—som
NaBO Nafion
abL, TSI
+ NaOH - —% NeOH




Borohydride Fuel Cells

Anode (negative electrode):
NaBH4 +8OH™ — NaBO; 4+ 6H;0 + 8e™, E"= 1.24V
(4)
Cathode (positive electrode):
207 4+4H>O + 8¢~ — 8OH™, E°= 0.40V (35)
Overall:

NaBH4 +20; — NaBO>42H>0, E°= 1.64V (6)



Borohydride Fuel Cells

NaBH4 4+ 60H™ — NaBO> +4H,O + Hj +6e™,
E°= —138V

Cathode (positive electrode):
3
2

T

O +3H O+ 6e” — 6OH™, E“=040V

Overall:

3
NaBHj4 4 ;Og — NaBO; + Hb O+ H,, E"=1.78V



Membraneless Fuel Cells
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Air Breathing Fuel Cells

VE TAL HYDRIDE CYLINDER

Air-breathing passive fuel celi stack
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