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1. Background

e Taiwan’s Energy

- Less than 2% indigenous energy
e Kyoto Protocol Pressure
- More than 50% of coal based electricity

- CO,emission and economic growth
need to decouple

o SOFC Contribution
o SOFC Market Forecast

1. Background — Taiwan’s Energy

] Energy Security — Less Than 2% Indigenous Energy

10° KLOE of Primary Percentage of
Energy Supply Indigenous Energy
ma,wu‘ /’ %)

160,00

140,00

120,006

100,00

80,00

40 ﬁ
60,000 30
2 Target of the
Indigenous
Energy

40,000

20,000 10.

0
0
1960 1970 1980 1990 2000 2010 2020 2030
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1. Background (cont.)- SOFC Contribution /s

Energy security

Diversify primary energy resource (SOFC fuels including

natural gas, biomass ethanol, diesel, etc.)

Improve energy efficiency (SOFC efficiency about 40 ~

60% and over 80% with heat utilization)

Distributed power station (SOFC power up to 100 kW)
Central power station (Coal based IGCC+SOFC power
designed to 100 MW)

Environmental Quality
e Less CO2; Less SOx, Less NOx

Economic growth

o New technology creates new industries

e Enhar

of national p!

ige in energy d

1. Backg round (cont.)— SOFC Market Forecast/ inen

o SOFC market growth rate 22% per year

30— [Oarer
Ol
B Europe:
B North Americal

M0 2l

Year

M 2008 200

Solid Oxide Fuel Cells — Market Growth Forecast
@ [S———— 5
o
“ w
M

gu @
im
"
@
o .
3
- s +
o o w20 2 e a0 2

(From: BCC RGB-282, 2003)

( From: Frost & Sullivan, 2004 )
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2. R & D Target - INER’s SOFC Vision s

2005 Reliability

 Ethanol }\_. (Reformer,—»( SOFC )—» Electricity High Volume
g ion Base

Diesel )
J Scal&up
2010 Pres&urizalion
(4008/kW)
Electricity k
2010 gy Aggregation
Biomass /
(Land, @ @ Integration
Marine) .
100MW
2020 V Coal CO, Sequestration Clazs

2.R&D Target (cont’d) — Proposed Roadmap

Phase | Phase Il Phase Ill Phase IV
Small System Scale-up System  SOFC+Turbine Coal Based
R&D Market ion Market Diffusi Central

Market Penetration

[ 2005 2010 2015 2020 %

Power 1~5kW. 250 kw 1MW 100MW
Efficency  40% 50% 60~70% Hybrid Coal based

efficiency
Durability | 4,000 hrs 40,000 hrs. 5 years stack life,

25 years system life
Degradation  0.5% /1,000hr  0.1% / 1,000hr
rate

Operation 750C 650C
Temp.
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3. Research Team -INER Strategic Alliance
IR

International

NTHU
Plasma spray of

membrane structure Collaboration
analysis - ECN
- FZJ
Low-Temperature - EPFL

yzu |
Innovative material "\
structure design

(500-650C)_~

pment
NCU .
protective coating
~technique & characterizatio

kW SOFC Lab Test
(INER)

NCU
Thermal slr%ss analysis

mechanical testing techniq -
7 « HTceramix /
EPFL

(
o NCU SN
Micro-channels analysi

NCKU

NTHU SOFC generation system-
SOFC stack equential burner desi
simulation & desig — DU
NT] — )
MIC’“B@\%\'{%?Q kW SOFC InDEC / ECN

Cooperative
M:

4. Current Research Activities of INER - SOFC Program ..

|m‘m‘m|m‘m‘mo|mﬂ‘mz‘ms‘m4|

“Tape casting / Atmosphere Plasma Spray (APS)
Advanced & INOVAING| o "lting and technciogy Tor micro-grade
Upsream | meteral and  process| Acse
development(500-6500)
e Power desity 00mWem®  swomWent 1 wen? 2Wom
o T it 075 e so0mcn|LoTG e ety esting and cost down
s o
development PEN.intorconnect,stac.refomer ]
(Es0-000°G)
pv————— \
Widstroam
SOFC system Optimiztion of SOFC system, ard cost analysis  ="ger™|
SoRCeysem  TRW 2 s
" degradation 0%1,0000,stem relaity esting
Sracivesystm and .
Smuation
[soFcmicroutinesystem 250 kW
PeN massprodctonocique_ soomon|
Downstream Indusiry partcipation [kW-grade stack mass production]
eadation O1u1000n
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4. Current Research Activities of INER (conta) £
SOFC-PEN Development !

NiO + YSZ

Tape casting

Cathode anc 10x10cm? Microstructure of INER-SOFC-PEN

1"

4. Current Research Activities of INER (cont’d) — .
INER Plasma Spray System for Nanostructured PEN Development - M=%
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4. Current Research Activities of INER (cont’d) —
C ite Anode by Plasma ¢

Nano Ni (gray)

¥ soomm
Nano Pore (black)

Cross section view to show nano gas channels
SEM observed surface morphology
of nanostructured YSZINI anode in the structured YSZ/Ni coating

= - o o 1004

P Nanostroctursd YSZ/Ni Costing
Produced by Plasma

Temperature °C)
Estimated grain sizes of YSZand NI Measured conductivity results for nanostructured
versus heat treatment temperatures YSZINi coating and microstructured YSZ/Ni substrates

4. Current Research Activities of INER (cont’d)
Assembling and testing of SOFC Stack

E
Components flatness
Improved process for Leaking test for a SOFC cell adjusted platform

the production of glass
ceramics

Integrity of cell/frame was maintained after St Doy )
stack testing at elevated temperatures IV curve for a one-cell stack
.

26



4. Current Research Activities of INER (cont'd) - *-
Protective Coating and ASR [%

+ Develop the optimized material and coating technique for SOFC interconnect (IC)
+ Investigate the effectiveness and long term stability of IC coating
+ Design the alterative alloys for IC application

son

A large-scaled LSM sputtering
station (coating area 20*20 cm?

AASR measurement of LSM-coated Crofer22 J

4. Current Research Activities of INER (cont’d) — .
SOFC glass-ceramic seals

« Explore the mechanism of “sealing”-- Hermetic layer formed between sealant and
cell components

« Establish the standard packing process

+ Study the long term stability of sealant and the compatibility with other components

| acs] ¥
= 0 S el l
3 o e
& 9 ¥,
= R
3] 75| .
d Taws s [
- | B r
o T T e
Temperature (-C)
Thermal properties measurement
- = _— S ss|
CTE @ @
* o ageicy  TeCO TLC0)
gc3 7.74 616 691 90| | | —
g7 883 618 709
ge9 9.8 652 745
100rc|
c"‘z'"z ~12.60 (at 750 °C)
Adhesion and wetting behavior
PEN 1020 (at 750 °C)

27



4. Current Research Activities of INER (cont’'d) —
SOFC Simulation Tools INER

3D y ion| CATIA « Solidworks
Mesh constructed | PATRAN - Gridgen

Boundary condition
material properties
FC operating parameters

Mentat - STAR-CD

Galerkin weighted residual
Momentum equation:

tress-strai EERET
D i)

. . Electrochemical, flow, |STAR-CD
Principle of virtual work heat transfer analysis |ES-SOFC
Newton Raphson method 1

Performance curve

species distribution
MARC [Thermal/structure analysis | fjid field (Velocity ~ Pressure)

Enthalpy equation:
2,211,

B2 urar ok
Electrochemical model

VOV o Vo Nosr Vo Y

4. Current Research Activities of INER (cont’'d) —
SOFC Single Cell Simulati en

Schematic modeling diagram for Flow field along gas PEN temperature distribution
a non-sealed single cell test rig. channels.

500cemin)

P

oy )
Current distribution on the cell Comparison of measured data
Vo 0.7V and results of simulation shows
good consistence.

Thermal stress distribution on
the PEN
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4. Current Research Activities at INER (cont'd) -
SOFC Single Stack Simulation

Interconnect(Cathode) ..+

‘Anode fuel velocity distribution

4. Current Research Activities at INER (cont'd) -
SOFC Single Stack Simulation

ges velocity distribution

Frame temperature distribution

Current density distribution

‘Thermal expansion curves of the G18,gc9
power sintering specimens

o w0 w0 w0 a0 s so 700 a0 w0
Temperature(°C)

Max. principal stress (Tin=750°C)

Glass ceramic | PEN (MPa) | Seal (MPa)
G18 263 122
gc9 175 11.6

[Young’s modulus from Weil et al., 2004]

iy

Frame thermal strss distribution

I{E _
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| ?& 1

Glass-ceramic thermal stress distribution



4. Current Research Activities of INER (cont’d) — .

AR
SOFC Ethanol F UN\vmn
Feed: C,H;0H : 20.6 moles/hr
1kW Lab Reformer 1 kW Compact Reformer H0  :428 molesihr
Air : 36.9 moles/hr
Catalyst: monolithic
(33 mm dia. X 90 mm long)
femperature Tin= 180 T
(Before Catalyst)
Tout=439 C (After
Sample Catalyst)
Product gas Vol %, dry)
H, 4066
CH, 257
co 929
o, 0.00
Reformer Evaporators N o
B l i co, 17.18
‘ ! CH, 151
199
Condenser M
Evaporator  Reformer >C, 013
CoHOH 017

4. Current Research Activities of INER (cont’d) — .
Per of a natural gas reformer for 1kW SOFC system [

1oc

Feformata, mala%

Ohmddi.
) 100 o Illﬂl —
Elapsed time, hr
Performance of a natural gas reformer for 1kW SOFC system
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4. Current Research Activities of INER (cont’d):
1kW SOFC System N

Alr/ Fuel Ratio =40
U=

T
0k

A ke

1 kW SOFC BOP Flow Diagram

4. Current Research Activities of INER (cont’d) -
1kW SOFC Demonstration System

31



4. Current Research Activities of INER (cont’d) =
Feasibility study of 25-50 kW demonstration system INER

+ Estimate the SOFC Early Market Potential for the Distributed
SOFC Power System
- SOFC Power/Year
- Durability
- Cost
« Evaluate the Current Status of SOFC Core Technology for the
25-50 kW SOFC Power System
- PEN Power Density
- Stack / System Scale — up Technology
- Degradation and Failure Management

+ Propose a SOFC Power System Demonstration Program
- System Technical Specification
- Project Period
- Budget Plan

5. R&D Collaboration in SOFC Core Technology (cont'd)—
Some possible collaboration topics INER

o Development of Interconnect and Sealant materials
for SOFCs

o Modeling, Simulation and Design of Functionally-
Graded Structures (for Optimal Performance and

Thermal/Mechanical Stability...)

o Novel Materials for a New Generation of SOFCs
(Low-Temperature SOFCs)

o Design of Novel SOFC Stacks and Systems
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6. Conclusion

o SOFC technology should be emphasized
as one of the most important subjects in the
area of renewable energy development in
Taiwan, and in INER as well.

o Reliability, durability and cost are among the
major concerns for SOFC technology
development.

o International collaboration is essential to

facilitate demonstration and industrialization
of SOFC technology in Taiwan.

Thank You
for Your Attention
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[ 2. FZJ Dr. Nabielek #+,["| A: Reducing degradation effects
in SOFC stacks manufactured at FZJ-approaches and results

Forschungszentrum
i 0w rempaiT

Reducing degradation effects in
SOFC stacks manufactured at FZJ-
approaches and results

Heinz Nabielek,

L Bium, H-P Buchkremer, VV Haanappel, L G J de Haart,
W J Quadakkers, R Steinberger-Wilckens,
R W Steinbrech, U Reisgen, and F Tietz

Forschungszentrum Jalich, Germany

Fuel Cell Project ] | o, PBZ bttt IEF Jome™ ZAT 1 DT

Forschungszentrum Jilich
i s bz Gemenschet L)

Topics of SOFC Materials Research at FZJ

Materials

— ceramics and ferritic materials

— _high reliability, low ageing rate

— (low costs

Cells

—_high power density, stability under all operating conditions
Stacks

— opfimum design

— _lransient operation (thermal)

— low weight, low volume

Manufacturing (pre-industrial) of cells, stacks and components
Systems (packaging of components)
Modelling

— understanding of processes
— prediction of cell, stack and system behaviour and lifetime

Fuel Cell Project ] | Omend, PBZ jmvewnne, |EF Zomews ZAT @ Seiie
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Forschungszentrum Jilich 'Je

It g e GemenichaT

SOFC stack design at Forschungszentrum Juelich

repaating unit

new approachss at light-weight SOFC stack designs

Forschungszentr
e

Cell performance optimizations: LSM cathode

Current dansity at 0.7V (Alem’)

Fue! Cell Project [ | Jisiey, PBZ jimmiesesd, IEF 2t~ ZAT
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Forschungszentrum Jilich N

o et Gemenacnat MY
Cell performance optimizations: LSCF cathode

SRR

Currant dansity a1 0.7V (aom’)
o -
o o

&

Fuel Cell Project ] | [oeeind, PBZ o irmer Siehes FAT

b | = S 5 Do

Forschungszentrum Jilich

60-cell 13.3/ 11.9 kW, stack operated on H, and CH,
for 1500 h at 700-800C
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Forschungszentrum Jilich -

v g Heimborz-Gemeinschat

20 kW SOFC System Development

Fuel Cell Project [if] /| fotises,

SOFC-Stack

Heatin~_ e
isolating plate .
v Maction plate
After-bu.mer
Heating plate
Air-pre-heater -
Deflection plate
Pre-reformer
Interface

PBZ kst vt ind  |EF Zesmieding

prera s —— f——

orschungszentrum Jalich
btz Gereinac:

)
Cathode side lectrolyte Anode side
Three phase boundary
reduction by Phase MNi-agglomeration

- Cr poisoning instabilities Ni-coarsening

- Particle sintering S poisoning
Phase changes Interdiffusion Interdiffusion
Interdiffusion Destruction by re-oxidation
Contact degradation Contact loss by
Resistivity - by sintering
Cr transport - by seal swelling

- temp. gradient
Resistivity

Interconnect: Interconnect:

- Cr evaporation - Scale resistance

- Carrosion cracking - Embrittlement by

- Inner oxidation carburization

- Corrosion cracking

Ceramic glass sealant

- Interaction with gaseous species/ contaminants

- Interaction between components

- Leakage or short circuit during thermal cycling

- %mdation due to img‘rﬁas in raww%
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Forschungszentru

i ger HeimborTz-G

Chromium poisoning

In a purely ceramic environment (no steel, no Cr),
degradation is near zero

In stack tests with metallic interconnect, we observe

—Cr evaporation

—transport across air channel and

—deposition-reduction in the cathode functional
layer that may lead to degradation

Fuel Cell Project F‘F | s PEZ o i iegas |EF et ZAT v oo

Ermrmslatzale [Earpa i —

Forschungszentrum Jilich
" ]

Most Cr is transported efficiently across air channel

Fraction of avaporated chromium amwing at cathode

amsian
coaticiant
s ]

Ty high air thraughaut an
assely rermaved from b

[R——

Fuel Cell Project [ | e, PBZ mmimismenrt, IEF et~ ZAT o O20
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Farschungszentrum Jilich ‘ &
o/ i

v g Heimborz-Gemeinschat

IC protective layers delay and retain Cr evaporation

g
&
&
2
H
3
i
H
i
5

Fuel Cel Project [} faess, PHZ Waeiorsoned, [EF Zumaat™ ZAT

Vet do gtk e

Single cell performance measurements with or without steel samples in
the gas stream: uncoated steel leads to high Cr concentration in cathode
functional layer consistent with Cr transport predictions.

Fuel Cell Project ] | Deemeand, PBZ jmminmensd, IEF Zmmees ZAT o 520w
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Low degradation rate of FZJ stack at 800T operated for
,000h with Co-based perovskite cathode contact layer

1z T T T T T T
cels with LSMYSZ cathodes [S7) o1
nterconnects from J5-3 o2
104 The lower cell 2 had its |
cathode analyzed for Cr content
Kb o |
05 [ T e fepiter q
=
ﬁ; 06 | 1
2
T 04+ 4 4
seTpesle BOT
. PO SRR AN LSRN | O | NS RS R Y 1 L P
i i FLBE H [4 1TIR) + 10% HO
18 dlifiation 3.2 %
S eoxgant: aw (3 iminy
¥ s £1cx

T T T T a T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4800 5000 5500 6000
operation time on load / h

Forschungszentr
Cr poisoning:

Degradation does not correlate linearly with Cr deposits in
cathode, but is also strongly influenced by current densities and
temperature. Cr presence is, however, a necessary condition.

Ideally, we need a protective coating that

- is gastight

- has high electrical conductivity

- has good adhesion

- has same thermal expansion as the other cell materials
- is stable under all operating conditions

-and stops Cr evaporation efficiently for all times

4

cupies laysr

T spinal
<o,

rtesconaector
Crodee22000)

Fue! Cell Project [{] | Ty, PBZ e, [EF 2ot ZAT  w S0
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Farschungszentrum Jilich

e A
Sulfur poisoning

0.5 ppm H,S may poison the anode (doe fc handbook)

some small system can withstand sulfur at 950C
(HEXIS)

sulfur poisoning may be irreversible
options are

- remove sulfur
- develop sulfur tolerant anodes

Fuel Cell Project [} | it PBZ feniaionnd, IEF Imewss ZAT v b

Forschungszentrum Jilich 1
e der Himb-Cemainschet ) ¢

Assessing the effects of contact area and
ceramic cathode contact paste resistance:
47% contact in F-design, 10-50 mQcm? specific resistance

assuming 50% full contact area
cell with 10 mOhm_cm2 contact

cell with 50 mOhm.cm2 contact

LSM-5D
Type of cathode

Fuel Cell Project ] | [vemeans, PBZ jmminmensd, IEF Zmwees ZAT o Sl
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220

— LSM in ceramic housing

0.5

“——ceramic housing
—R_¢ - 10 mOhm.cm*

—R_¢ - 20 mOhm.cm’
—R_¢ - 30 mOhm.cm’
—R_c - 40 mOhm.cm*

R_¢ - 50 mOhm.cm’

0.0

(@
10 20 30 40 Uﬂﬂ ] 7

Relative contact area (%) ”:T'D‘ ;:U""'E

Forschungszentrum Jilicl
10 ger HeimhaE-GemenSEhaT

Cathode side contacts

limit stack power

contact area needs to be improved, particularly in the light
weight design

better contact powders are available, but long-term
performance has to be investigated

Fuel Cell Project [ | S0, PBZ UMESER, IEF EDES ZAT o DX
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Forschungszentrum Jilich
I gt HembaTE-Ge et

Summary

different requirements:

= SOFC stack available for stationary applications

= SOFC stack in development for mobile (APU) applications.

basic studies to reduce degradation

= chromium poisoning

= sulfur poisoning

= re-oxidation (see 2 other FZJ presentations during this conference)
applied studies to understand performance limitations in stacks

=> contact area

= contact resistance

intensive work is going to be continued in Jalich

Acknowledgment

re grateful for the al cooperation, the su|
international contacts and the financial support from the German
and the EU.

Fuel Cell Project ] | fowmsns pRZ hemimrovsennd  |EF Zawsws ZAT w0 S
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i+ 3. PNNL Dr.Singh iiﬁf : f‘j?‘,’: Corr of Metals and Alloys
under SOFC Interconnect Exposure Conditions

BuIgSion of Metals and Alloys under
SIOEC Interconnect Exposure Conditions

Z. Gary Yang, Xia, Jeff W. St

31st INTERNATIONAL COCO.
N O ANC

& Ocean C

=4

Oojzctives

v Examine the corrosion behavior of metallic i under

single and bi-polar / dual atmosphere exposures

v Investigate the corrosion of metallic interconnects in simulated
f gas exp conditions

Hydrocarbon || Air

Hyl Air
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Urrant collsctor dasign: Exgosurs condiifons

Design dependent - Single or bi-polar exposure

BIPOLAR PLATE (BP)

fterconnsct EXogsirs

Cathode-side .

o}
= Interconnect
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Corroslofnl Processes

Outward diffusion of cations
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Siaiis

v Corrosion of Fe and Ni base alloys under bi-polar / dual
exposures differ from that under single atmosphere conditions.

v’ Ferritic steels are susceptible to iron oxide formation and Fe

YPERINET AT

Exhaust

QOOOOOOPOO
ABBBRBRR

st-inlesI steel
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zizls znd Alloys Siucdizd

E-brite-27%Cr

Ferritic Stainless steels J Crofer22-22%Cr } Chromia-forming
(Fe-Cr base) AISI430-17%Cr

Fecralloy-4.5%Al —— Alumina-forming

Haynes 242-9%Cr

Crofer22 APU: Alr Onlly vs.

M = Fo.Cr Substrate;
c-0i0,
S =M, (M=Mn, Cr, andior Fe)
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e p—
Zcio
|, = Woltwun o

=2CrAlloy: Aly Only ys, Alrsids

Air exposure at both sides Airside of dual test

ace microstructures
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W (N22Cra0M): Alr Only vs, Alrside
Isothermal oxidation for 300 h at 800°C;
Moisture air (3%H,0)][(97%H,+3%H,0)
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Fusl Crsiisiry and Caryon Acivity
Temp. (°C) H, co CH, co, H,0
800 (calc.) 721 124 02 25 128
800 (exp.)* 742 9.8 0 62 9.7

LN

czlles Cirowrn on Crofsr 22APU

o

O: (CrMnFe)304 P
A:Fe-Crsubstrate.
©:MnO

After 1,000 hrs, 800°C
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s )0

FAIES lavnes 230

Air only
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Girowrn on rlynss 25

» Scale structure and
composition similar under all
exposure conditions

Urnssiziry 2 Conclusions

# Oxidation/corrosion behavior under dual exposures
differs from that under single exposures.

# Fe-Cr base alloys appeared susceptible to iron oxide
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> The work described in this paper was performed under the
U.S. Department of Energy’s Solid-State Energ
Conversion Alliance (SECA) Core Technology Program.

> Metallographic preparation and SEM: Jim Coleman, Shelley
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