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Fuel Cells

Cell Voltage, Internal Resistance and Fuel Cell Efficiencies -\X‘(IT

thermodynamic efficiency

electrochemical efficiency

fuel utilization

reforming efficiency

electrical system efficiency

thermal system efficiency

total efficiency
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Elektrochemischer Wirkungsgrad
In Abhangigkeit der Leistungsdichte
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Stack-Wirkungsgrad ( 3; ()
In Abhangigkeit der Leistungsdichte
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Planarer Brennstoffzellen-Stack
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elektrischer
Verbraucher
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Betriebsbedingungen im Stack
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bipolar

Baukonzepte fur Brennstoffzellenstacks
monopolar
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SOFC Stack-Designs (,monopolar®)
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cathode
electrolyte
y tubular
anode (Mitsubishi
Heavy
interconnector Industries)
(ceramic)
tubular
(Siemens
Westinghouse)
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SOFC Stack-Designs (,bipolar®)

cathode

< electrolyte

~ anode

1111 T interconnector
(metal, ceramic)

Mitsubishi Heavy Industries
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monolithic (Argonne National Laboratory)
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Anode
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Kathode

Interkonnector
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Solid Oxide Fuel Cell
SOFC-Concepts

electrolyte supported electrode supported GTL* supported

AT
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*CERES Power

e MHI
*Rolls Royce
*DLR
* Delphi (PNNL) *DTU/Risoe
*H.C. Starck (ECN /InDEC) « Ceramtec (FZ-Julich) *Plansee (FZ-Jilich)

* Hexis « Saint-Gobain (FZ-Jilich)
*Versa Power

*Toho Gas *Haldor Topsoe (DTU/Risoe)
*Bloom Energy « Kyocera
« Ceramic Fuel Cells Ltd.

* GTL: Gas Transport Layer
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SOFC: Decentralized Power Units, Combined Cycle AT

Siemens Westinghouse
(SWPC)

electrical power SOFC 173 kW,
electrical power microturbine 47 kW,
fuel natural gas

electrical net efficieny 55%
Installation 2000 at Southern California Edison;

since 2001 at NFCR, U.C.Irvine
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Quelle: Siemens
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Siemens Westinghouse Tubular SOFC
Tube Bundle ﬂ(".

Karlsruher Institut far Technologie

Interconnection

Ekacirode

,..--“'"J Cathode bas
Ar

Anode bus
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Quelle: Siemens Westinghouse Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 13, 22.07.2017



SOFC: Decentralized Power Units (> 100 kW) “ I
Fabrication Technologies -\-(T

- Extrusion moulding and sintering (cathode)
- CVD, EVD, APS (electrolyte)

- Slurry coating and sintering (interconnector)
- Slurry coating and sintering (anode)

Future Demands:

- iIncreased power density
- reengineered fabrication process

- COosts

PN N -
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Quelle: IWE, SWPC Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 14, 22.07.2017



Solid Oxide Fuel Cell
Tubular SOFC-Design (Siemens-Westinghouse) *‘(IT

t fur Technologie

Ausbau der Roéhren

aus dem Reaktor zur
Beschichtung der Kathode
mit Elektrolyt mittels EVD
(Electrochemical

Vapour Deposition)

Quelle Siemens Westinghouse
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Solid Oxide Fuel Cell
Tubular SOFC-Design (Siemens-Westinghouse) ﬂ(".
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100 KW Generator

Zellbundel
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Solid Oxide Fuel Cell
Tubular SOFC-Design (Siemens-Westinghouse) ﬂ(".
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Solid Oxide Fuel Cell “
Tubular SOFC-Design (Siemens-Westinghouse) -\-(IT
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Solid Oxide Fuel Cell
Tubular SOFC-Design (Siemens-Westinghouse) ﬂ(".
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geschicssanes Ende

Interkonnaktor
Elextrolyt

Luft-
Elektrods

T Breongzs- zylindrisch 150 cm '
Lkt abgersicherts
Luft HPD5 75cm -
HPD10 T5CM  enmmm——
Deltad 75 cm '

Quelle Siemens
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Solid Oxide Fuel Cell
Tubular SOFC-Design (Mitsubishi Heavy Industries) ﬂ(".
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Power generation section

tubular
(Mitsubishi
Heavy
Industries)

Total length: 1500 mm
Cell tube Quter diameter: 28 mm

m @ — Flow of electricity T ,
A\ ‘.-""'".' Cathode

Interconnector

Electrolyte
Anode

Substrate fube
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Quelle: FZJ, MHI Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 20, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design (Mitsubishi Heavy Industries) Q(IT

Karlsruher Institut fir Technologie

Anode
Elektrolyt
Kathode

oo o Ho o7 Hy 70 Interkonnector
: Sz ' (keramisch)

Mitsubishi Heavy Industries

Active layer Inter-connector

Inter-connector ———=

Seal matenal ——=
Active layer ——>

Inter-connector ——» &

Seal material
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Quelle: MHI Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 21, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design (Rolls Royce) ﬂ(".
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Erdgas “planares Design von MHI”

1T KW bei 950°C mit Ho/Luft

) Luft
Keramik
Elektrizitat
— VWV ——
Air side Dampf

LS

50 W Modul

g
2

Fuel siche H_, CO HO CO,

- 500 W “Blindel”
|

Pk te oo

Quelle Rolls Royce
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Quelle: Rolls Royce Fuel Cell Systems Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 22, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design (Rolls Royce) ﬂ("l
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Solid Oxide Fuel Cell
Siemens Planar 10 kW SOFC Stack --\&(IT

K

—_—

cathode

<+ electrolyte

~ anode

L1111 " interconnector
(metal, ceramic)

Cathode LSM

Electrolyte 8YSZ

Anode Ni/8YSZ-Cermet
Interconnector CrFe5Y,0,51

layers 80

cells/layer 16, each 50 x 50 mm?
electrode area 2 m?

volume 0.02 m?

el. power 10.7 kW @950 °C

8.4 kW @850 °C
5 N ' current density 0.6 A/lcm?
k| \ = . fuel utilization 40 ... 50 % (H,)

—
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Quelle: Siemens Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 24, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design

cathode
<+— electrolyte
S ——
LT T LT LT LT L]
~ anode

Ll T interconnector
(metal, ceramic)

planar

- (Siemens, Dornier)

- Sulzer

- FZ Julich

- BMW

- Mitsubishi Materials

- PNNL

- Global Thermoelectrics
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Quelle: IWE / Siemens
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Stack Components (Siemens)

%
)

,2unsolved" problems

corrosion of MIC (esp. at high temp. > 850°C)
processing and costs of CIC

gastight sealing

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 25, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design: Ceramic and metallic materials ﬂ(IT

Materials Components

(La,Sr)MnO 4 cathode
Y,0;-doped ZrO , (YSZ) electrolyte

2
Nickel / YSZ anode —— T

Cr5Fe 1Y,0, bipolar plate —
(La,Sr)CrO 4 protective coating +
(La,Sr)CoO0, functional layer (c) .~
Nickel-grid functional layer (a) —
glas sealing joining material /
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Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 26, 22.07.2017



Planar and Tubular SOFC Concepts ﬂ(“'
Ohmic Losses in Metallic and Ceramic Interconnector

h =30 um
o =1003 S/m

metal
h=1mm
o =100 S/m

Voltage losses / mV
=
|

0,1

0,01 -

Metal Ceramic

N
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Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 27, 22.07.2017



Sulzer Hexis / Hoval
SOFC : 1 kW, /3 kW4, inkl. Zusatzbrenner --\&(IT
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Sulzer Hexis HXS 1000 Premiere

Brennstoffzellen-Typ: SOFC
Betriebstemperatur: 950°C
elektrische Leistung: 1 kW
thermische Leistung: 2,5 kW
Zusatzbrenner: 12 — 22 kW
el. Nettowirkungsgrad: 25 — 30%
Systemwirkungsgrad: > 80%
Brennstoff: Erdgas

’ " Institut fir Angewandte Materialien
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Quelle: Sulzer Hexis Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 28, 22.07.2017



Sulzer HEXIS Stackkonzept
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Kathode

Elektrolyt

e ~ Anode
Machverbrennung \Fﬂ[hirhdur;g.ﬁﬁm

Erdgas
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Quelle: Sulzer Hexis Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 29, 22.07.2017



Sulzer HEXIS Stackkonzept

AT
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Quelle: Sulzer Hexis Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 30, 22.07.2017



Solid Oxide Fuel Cell
Planar SOFC-Design (Sulzer Hexis) ﬂ(".

Stromsammler &

o R
e e
e e,
]
=
-

Thermische
Integration
des Stacks
(T=900°C)

/‘.
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1 kW Stack

Quelle: Sulzer Hexis Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 31, 22.07.2017



Oxide lon Conductivity of Electrolyte Materials
Temperature Limits for Electrolyte and Electrode Supported Q&(IT

1000 900 800 700 600 500 T/°C

|

200 mQI[dm?2 1
@ 200 pm

8YSZ @
9ScSz ()
11ScSZ ®)
3YSZ Tosoh @
5ScSz )
10GCO @
200 mQI3Bm?21 A LSGM©
— 8YSZ @
m— ] 0ScSZ @)
10GCO @
m— | SGM @)

10

mOoon

1--———-—--—--—-

o /(S/m)

01

0,75 1,00 1,25 XYSZ: x mol% Y,O, doped ZrO,
xScSZ: x mol% Sc,05 doped ZrO,
1000 K/ T LSGM: (La,Sr)(Ga,Mg)O,
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Quelle: (a) Siemens, (b) O. Yamamoto , (c) T. Ishihara, (d) IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 32, 22.07.2017



Oxide lon Conductivity of Electrolyte Materials ‘
Electrolyte Losses as a Function of Operation Temperature and Electrolytem\h\m(m!l

Thickness
0,20 |
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—_— 10ScSZ
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0,05 //
%
/é
0,00
1000 900 800 700 600 500 400

operating temperature / °C
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Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 33, 22.07.2017



Solid Oxide Fuel Cell
Planar Cells

AT
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— . — ———— ]
interconnector: metal
l_| I I l_| l_|

interconnector: metal
1

Iy B

.~ ]

interconnector: metal

GTL metal

GTL ceramic

O O0O0O0O0nno

.~ ]

I I o

electrolyte: 150 pm
electrodes: 50 pm
GTL: -
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Quelle: IWE

<20 pm
50 /> 500 pum

<20 pm
50 pm
> 500 pum

*Thickness of Electrodes and Electrolyte
similar for tubular SWPC concept

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 34, 22.07.2017



SOFC - Stack Design
Planar Design with Electrolyte Supported Single Cell \“(IT
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W
1 I O I B V_\'_ [ ]

f
M coating 50 pym  LSCr, LSM

/ contact layer 50 pm  LSC, LSM

/ cathode 50 pm LSM, LSM/YSZ
(LSCF, ...)

0 . Y. . . ... 7.5 «— €lectrolyte 150 um 8YSZ, 3YSZ,

000000000000000% (10ScSZ, GCO)
\ anode 50 um Ni/YSZ
contact layer ~200 pm Ni-grid
LSCr: Sr doped LaCrOg4
LSC: Sr doped LaCoOq4
W LSM: Sr doped LaMnO,
LSCF: (La,Sr)(Co,Fe)Oq4

nYSZ: n mol% Y,04 doped ZrO,

Siemens, Sulzer nScSZ: n mol% Sc,0; doped ZrO,
GCO: Gd doped CeO,

Ni/YSZ: Ni/YSZ-Cermet
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Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 35, 22.07.2017



SOFC - Stack Design
Planar Design with Anode Supported Single Cell __\ﬁ("'

——

coating 50 pm LSCr, LSM
contact layer 50 pm LSC, LSM
1 mm _~ cathode 50 um  LSM, LSM/YSZ
/ electrolyte ~10 uym 8YSZ, 10ScSZ
anode 1500 um Ni/YSZ

contact layer ~200 pm Ni-grid

I
interconnector: metal LSCr: Srdoped LaCrO,

(L1 T I L1 I] LSC: Sr doped LaCoO,

LSM: Sr doped LaMnOg,

LSCF: (La,Sr)(Co,Fe)O,

nYSZ: n mol% Y,O, doped ZrO,
nScSZ: n mol% Sc,05 doped ZrO,
GCO: Gd doped CeO,

Ni/YSZ: Ni/lYSZ-Cermet

LT T LT LT
/\/W ]

Allied Signal, FZ Jalich, ECN

’ " Institut fir Angewandte Materialien
' Werkstoffe der Elektrotechnik

Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 36, 22.07.2017



SOFC - Stack Design
Planar Design with Cathode Supported Single Cell __\ﬁ("'

Karlsruher Institut fur Technologie

interconnector: metal
N I O I O I

1 mm _— coating 50 pm LSCr, LSM
/ _ contact layer 50 ym  LSC, LSM

/cathode 500 ym LSM, ...
<«— €electrolyte ~10 pm 8YSZ, 10ScSZ, ...

§anode 50 um NI/YSZ, ...
contact layer ~200 pm Ni-grid

O —0 — 0 %

LSCr: Sr doped LaCrOg4
LSC: Sr doped LaCoOq4
LSM: Sr doped LaMnO,
W LSCF: (La,Sr)(Co,Fe)0,
nYSZ: n mol% Y,04 doped ZrO,
IWE nScSZ: n mol% Sc,04 doped ZrO,

GCO: Gd doped CeO,
Ni/YSZ: Ni/YSZ-Cermet

“’::‘ Institut fir Angewandte Materialien
i!" Werkstoffe der Elektrotechnik

Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 37, 22.07.2017



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Substrat-Zelle FZJ

25 x 25 cm2

10 x 10 cm?

5x5cm?

Fuel Cell Project E

Institut far Werkstoffe und
Verfahren der Energietechnik

Institut fur Werkstoffe der Elektrotechnik
SOFC_DE.ppt
05.02.2002/ 38



Bruchflache
Elektrolytschlcht der Zelle 1545 ﬂ(".

Karlsruher Institut far Technologie

Elektrolytdicke:
6,4 um

Kathode

Elektrolyt

) Mag = 10.00 K X
File Name = Z2.71_BF_SD_08 tif Signal A= SE2 |—

*
EHT = 500ky 2MM Unl KA

.‘.:‘ Institut fir Angewandte Materialien
." Werkstoffe der Elektrotechnik

Quelle: IWE Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 39, 22.07.2017



Stack Design
AT

Karlsruher Institut fur Technologie

B-Design

with cross-flow
and

external manifold,

1985

W,
’.“ Institut fir Angewandte Materialien

O) .
‘ﬁg" Werkstoffe der Elektrotechnik
Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 40, 22.07.2017

Quelle: FZ Jilich



Stack Design
AT

Karlsruher Institut fur Technologie

D-Design

with cross-flow
and

internal manifold,
1999

. " Institut fir Angewandte Materialien
' Werkstoffe der Elektrotechnik

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 41, 22.07.2017



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Modellierung: Temperaturverteilung
bel interner Reformierung

Gleichstrom Gegenstrom

e 20 e 20 e 20

(&) (&) (&)

= = ’@ =
< 15 < 15— < 15

9 9 9

= = =

l o 10 o 10— ©

(&) (&) (&)
' 'u 5 'u S5 — 'u 5
0 1 0 T 0

0 5 10 15 20 0 5 10 15 20

cell length x / cm

H||||ii|i||||||m
750 800 850 900 950 1000
Temperatur / °C

cell length x / cm

Kreuzstrom

=
o
I

10 15 20
cell length x / cm

Institut fur Werkstoffe und
Verfahren der Energietechnik

Fuel Cell Project %ﬂ

Institut fur Werkstoffe der Elektrotechnik
SOFC_DE.ppt
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Stack Design
AT

Karlsruher Institut fur Technologie

E-Design Stack Technology

Internal manifold:

sealing only in one plane perpendicular to
the stacking direction

FParallel gas flow:

using counter flow resulis in a more
homogeneous temperature distribution in
case of internal reforming

(resuits of stack-modelling)

’ " Institut fir Angewandte Materialien
' Werkstoffe der Elektrotechnik

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 43, 22.07.2017



Stack Design
AT

Karlsruher Institut fur Technologie

E*-Design (status 2001) F-Design (2002)

reduced manufacturing effort using a coarse nickel mesh ﬁagas
distribution and contact element on the anode side

" :‘ Institut fir Angewandte Materialien
\.’ Werkstoffe der Elektrotechnik

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 44, 22.07.2017



Stack Design
AT

Karlsruher Institut fur Technologie

F-Design — status today

frame thickness 2 5mm

interconnector thickness

1.5 to 4 mm (depending on variant)

= reliable gas tightness

» cycleability proven with short stacks
+ reproducible application of glass paste with a dispenser
. Impmu&d contacting through design change

- improved and time-economic manufacturing technology

" :‘ Institut fir Angewandte Materialien
\.’ Werkstoffe der Elektrotechnik

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 45, 22.07.2017



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Entwicklung der Stackleistungsdaten

Current densities for short stacks at 0.7V / cell on average

1.50 ‘
o T 5x5 sz
CEJ single cell
< ] X
— 1.25 - 1999 5% 5 cr?
(]
& ] 10x 10 cm/v
o A 5x5.cnm?
c>5 1.00 ] / . X
[ /
(@)
g 075 ZU0U
> -
= ] 20 x 20 c? | 2K S
& 050 — j A
2 ] / '/j/ 1995
(2]
S 025- /
= ' s
= : v
o :
8 0.00 ) ) ) ) ) ) ) ) ) I ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
600 700 800 900 1000

operation temperature / °C

Fuel Cell Project

)
o “tamd  Institut fir Werkstoffe und
=i Verfahren der Energietechnik

Institut fur Werkstoffe der Elektrotechnik
SOFC_DE.ppt
05.02.2002/ 46



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Stack development at FZJ

1.0

0.8

o
o))

power density / W/cm?2
©
~N

O
N

0.0

1997 1998 1999 2000 2001 2002 2003

B stack power density ' m
B stack gross power | :

staci< power densfity at0.7Vv/ c?:ell on averaée
r for 2 cell (81 cm?) short-stacks;at 800 °C
withifuel: H, + 3% H,O and oxidant: air

D1002-6

C1002-12

B1002-4

10

0

gross power / kW

Verfahren der Energietechnik

H ", Institut fur Werkstoffe und
Fuel Cell Project Eﬂ

Institut fur Werkstoffe der Elektrotechnik
SOFC_DE.ppt
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Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Materials development
Stack design and modelling

Processing technologies

Aims / Results

« High power density
« High durability
e Thermal cyclability

cell voltage / V

12

04 -

0.2 -

00

interconnect

anodic
contact

cathodic
contact

§K124 / E1002-19

Jcells 81 cm?

! ' ! ' !

temperature: 800 °C
cur?'ent dene;ity:~0;~.3~A/c:m2 —
fuel: H, (4 I/min) + 10% H,0
fuef utilisation: 9.2 %
oxiglant: air (8 I/miin)

0

T
500

T
1000

T v T v T v
1500 2000 2500
operation time on load / h

T z T z
3000 3500 4000

H ", Institut fur Werkstoffe und
Fuel Cell Project Eﬂ

Verfahren der Energietechnik

Institut fur Werkstoffe der Elektrotechnik
SOFC_DE.ppt
05.02.2002/ 48



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

1.2 T
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< '3 ! ; >
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PHeesmgieeatramydlich

in der Helmholz-Gemeinschaft

40 cell stack 20 cm x 20 cm generating 9,2 kW at 800+ °C using hydrogen

With hydrogen: 9,2 kW
0,63 W/cm?
300A @ 30,6 V;
0,83 A/lcm2 @ 0,765 V/cell

With Methane: 5,4 KW
0,38 W/cm?
180 A @ 30,2 V;
0,50 A/lcm2 @ 0,755 V/cell

Fuel: 90% H, / 10% H,0 7% H, / 31% CH, / 62% H,O

Utilisation: 76 % @ 300 A 59 % @ 180 A
Oxidant: Air Air
Stoichiometry: 2 @ 300 A 3.5@ 180 A
o |z | t't tf W k t ff d Institut fur Werkstoffe der Elektrotechnik
Fuel Cell Project E Vs o B P oSS DE et




SOFC Stack Design

Leichtbaustack ﬂ("l

arlsruher Institut fr Technologie

Zelle (Kathode, Anode, Elektrolyt,) Metalllot Glaslot Fensterblech

\ \ \ (auch Oberschale)

mﬂmﬂm&m&m

RN

Wannenblech Nickelnetz Einlegerahmen
(auch Unterschale oder Interkonnektor)

“‘::‘ Institut fir Angewandte Materialien
i!)' Werkstoffe der Elektrotechnik

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 51, 22.07.2017



SOFC Stack Design
Aufbau eines Leichtbaustacks -\X‘(IT

Karlsruher Institut fur Technologie

Kassette 1

2-zelliger Shortstack

Kassette 2 mit
Glaslotauftrag

’ " Institut fir Angewandte Materialien
' Werkstoffe der Elektrotechnik

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 52, 22.07.2017



SOFC Stack Design
Leichtbaustack-Kassette ﬂ(“.

Karlsruher Institut far Technologie

“‘::‘ Institut fiir Angewandte Materialien
@)’ Werkstoffe der Elektrotechnik

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 53, 22.07.2017



B fusiCellEnergy Versa Power’'s SOFC Approach

* Planar anode-supported cells
» Cross-flow gas delivery
« Stainless steel sheet metal interconnects

« Stacks can be integrated into various arrangements, depending on power
applications

Cathode

I I: DDE
ELECTROLYTE







FuelCell Energy

Ultra-Clean, Efficient, Reliable Power

The techniques used to make cells are:
Tape casting, Screen printing and Co-firing
(the TSC Process)

Capable of operating between 650 to 800°C with
high power density

Cell has been scaled-up from 10 x 10 cm? (81
cm? active area) to 25 x 25 cm? (550 cm? active
area) to facilitate stack scale-up

Cell Overview

56



g3 TuelCellEneroy Stack Development

Ultra-Clean, Efficient, Reliable Power

Endurance
Enhancement

e Improved stack
thermal and flow
management

e Incorporated TSC3

Cost Reduction

cells
¢ Reduced stack cost to e Incorporated
meet SECA cost p P J4fl
Performance targets a v:'nce ow
media
Improvement

 Higher power density
‘  Higher fuel utilization

* Higher direct internal
reforming

Scale Up

e Scaled up from 28
‘ cells up to 120
cells

e Stack power from
1 kW to 15 kW

57



FuelCell Energy
z Ultra-Clean, Efficient, Reliable Power S ECA StaC kS

Phase |l Phase ll Phase lll
Quantity | Quantity Quantity
Short Stacks
6 - 32 Cells
Full Size Stacks
> 64 cells
Total Quantity

Phase lll stack
block (96-cell)

Phase | stack Phase |l stack Phase Il Stack
block (64-cell) block (92-cell) (120-cell)




FuelCell Energy

Ultra-Clean, Efficient, Reliable Power

Cell Power at 0.500 A/cm 2

Stainless Steel Current Collectors, Cross-Flow Gas Delivery

450
I3x33em’
400
—tp .
< —
350 * —
T =780
J=0.500 Afcrm?
—_ 300 Fuel = Hydrogen + 3% H;O
E LIf = 50%;
- 250 Cixidant = Air 25 % 25 cm?®
1T o= 25%
5
o 200
150 20 x 20 cm®
100
12.5 x 12.5 em®
50 10 % 10 cm®
0
s Power (W) 32 49 143 241 420
Cell Voltage (V) 0.80 0.82 0.82 0.84 0.84

0.500

0.400

0.300

0.200

0.100

0.000

Power Density (chmz)
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FuelCell Energy

Ultra-Clean, Efficient, Reliable Power

Versa Power
\/ Systems
VPS 10 kW SOFC stack module integrated
with VTT BoP module

10 kW SOFC Demo Unit at VTT

» VPS has collaborated with VTT Technical Research
Centre of Finland since 2010 to produce and
operate a 10 kW fully integrated SOFC system

— Single stack

— Modular design

— Natural gas fueled

— Warm anode recycle loop
— Grid connected

— Thermally self-sustained

Stack Cell Count 80
Stack Current 160.6 A
Cell Voltage 857 mV
Stack Voltage 68.57 V
Module Power 11.013 kW
Fuel Utilization - System 80.4%
Module Efficiency (LHV) 66%
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ICell - :
g3 fuelcellEneray  SOFEC Module Design & Packaging

SOFC Module design has evolved to be more integrated & compact

e Custom engineered equipment & components have been developed

— Permits thermal management of the stacks

— Simplifies the system by reducing insulation, containment systems, pipe/duct length, and total part
count

— Improves thermal performance, and reduces plant parasitic flow losses

e Reduces footprint of module

— Piping and ducting more compact, and minimizes hot piping/duct penetrations in vessel
e Reduces footprint of total plant by having less external equipment
 Smaller system with fewer parts & less material = lower cost

MODULE
STATUS Level of Integration
(kw)
30 Built No Integ-ratlor). Single Stack or Tower
in an insulated vessel
50 Built Manifold assembly, HX
50 In Process Manifold assembly, HXs, Reformer
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; FuelCell Energy 30 kW Module

Ultra-Clean, Efficient, Reliable Power

 Demonstrated use of a vessel design based on FCE’s commercial MCFC
product line

— Improved insulation, instrumentation, power, & piping interface with test facility
e Sucessfully operated with towers up to three stacks tall
A * Vehicle for eight long-term tests from 10kW to 30kW
' * Instrumental in validating thermal and flow CFD models

e Established methods for multi-stack modules
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Ultra-Clean, Efficient, Reliable Power

z FuelCell Energy

50 kW Module

 Demonstrated integrated manifold assembly, nominally
four 96-cell stack blocks, but components designed for
full (2X) tower flows

* Fully self contained and thermally self sustaining

e Successfully validated many completely new
components developed under the SECA contract

e Will be the basis for future (commercial) SOFC module
designs

Stack Current
Cell Voltage
Stack Voltage
Gross Module Power
Fuel Utilization - System

Module Efficiency (LHV)

187.4 A
819 mV
78.64 V
58.96 kW
81%

65%
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5 FuelCell Energy 50 kW SOFC Power Plant

Ultra-Clean, Efficient, Reliable Power

A packaged SOFC power plant has
been designed which is:

» Compact for easy shipping
and siting

» Expandable to higher power
module with no increase in
foot print or envelope

» Accessibility for service
» Suitable for CHP

64



