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Stack- und Zellkonzepte ﬂ("'

Karlsruher Institut fur Technologie

100 kW Generator

——

BXiS Thermische

} Integration
des Stacks Brennstoffzellen-Stack
Erzeugung elektrischer Energie
(T=QW°C) aus Reformat (H, und CO)

Siemens-Westinghouse

1 kW Stack

Waste Energy Recovery
Restgasverbrennung,
Aufheizung Reaktionsluft

2N

Hauptreformer

Aufheizung Stack,

Erzeugung von Reformat

(20%H,, 20%CO, 3%CH,, Rest N,)

Mikroreformer
Start Hauptreformer

Luft-Geblase Kraftstoff-
BMW Group Reaktionsluft und versorgung
Kahlluft

“;’3 Institut fir Angewandte Materialien WWW.iam ] kit.ed‘d.\,\et

@)’ Elektrochemische Technologien
Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 2, 30.03.2021



Fuel Cells | L A{]]

Cell Voltage, Internal Resistance and Fuel Cell Efficiencies
AG TAS - i
thermodynamic efficiency M, = = 1— o cell voltage and internal resistance %
Ucell _U Rcell cell — ceII ZRcellk %
— Ucell _ nFUceII Q
electrochemical efﬁCiency Ne = U— o _F ZRceII,k - I:{cathode + I:zelec:trolyte + I:{anode + I:{contact %
th k
o g - used fuel N n n =
fuel utilization f orovided fuel fuel efficiency Tl N Q
f ffi MNret = AR I ffi n W %
reforming efficiency ref AH._ el. system efficency Mes = nFUceII g
electrical system efficiency N =My N *Ns “Br *Mper * N _ broduced electrical energy 2
y Y Teiectricat = Min “Ter * t Pt " NRret " Tleis = orovided chemical energy °
___________________________________ -
thermal system efficiency _ usable heat T
nthermal - . . o
provided chemical energy b
<
72
tOtaI effiCienCV ntot = nelectrical + nthermal g

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien WWW. |am . kit.ed u.’iet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 3, 30.03.2021



Fuel Cells | L AN{]]

Cell Voltage, Internal Resistance and Fuel Cell Efficiencies
AG TAS - -
thermodynamic efficiency T, = = 1— o cell voltage and internal resistance %
Ucell _U Rcell cell — ceII ZRcellk %
— Ucell _ nFUceII Q
electrochemical efﬁCiency Ne = U— o _F ZRceII,k - I:{ca’(hode + I:zelectrolyte + I:{anode + I:{con’(act %
th k .
o g - used fuel N n 1l =
fuel utilization f orovided fuel fuel efficiency |l N Q
f ffi MNier = AR I ffi n W %
reforming efficiency ref AH el. system efficency Mes = nFUceII g
electrical system efficiency N =My N *Ns “Br *Mper * N _ broduced electrical energy 2
y Y Teiectricat = Min “Ter * t Pt " NRret " Tleis = orovided chemical energy °
___________________________________ -
thermal system efficiency _ usable heat T
T]thermal - . . oy
provided chemical energy b
<
72
tOtaI effiCienCV T]to’[ = T]elec’[rical + T]thermal g

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien WWW. |am . kit.ed u.’iet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 4, 30.03.2021



Elektrochemischer Wirkungsgrad
in Abhangigkeit der Leistungsdichte
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Stack-Wirkungsgrad ( Bf - nel)
in Abhangigkeit der Leistungsdichte
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Baukonzepte flr Brennstoffzellenstacks
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monopolar
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Baukonzepte flr Brennstoffzellenstacks

monopolar
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SOFC Stack-Designs (,monopolar)
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Industries)
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SOFC: Decentralized Power Units, Combined Cycle AT
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Siemens Westinghouse

(SWPC)

electrical power SOFC 173 kW,
electrical power microturbine 47 kW,
fuel natural gas
electrical net efficieny 95%

Installation 2000 at Southern California Edison;
since 2001 at NFCR, U.C.Irvine
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Siemens Westinghouse Tubular SOFC ﬂ(“‘
Tube Bundle

Cathode bus

Anode bus
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Solid Oxide Fuel Cell
Tubular SOFC-Design (Siemens-Westinghouse) ﬂ(".

100 KW Generator

Zellbundel
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SOFC: Decentralized Power Units (> 100 kW) QAT
Fabrication Technologies

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

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

Future Demands:

- Increased power density
- reengineered fabrication process

- costs
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Solid Oxide Fuel Cell A\‘(IT
Tubular SOFC-Design (Siemens-Westinghouse)
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Solid Oxide Fuel Cell ﬂ(".
Tubular SOFC-Design (Siemens-Westinghouse) o o

& ® o Strompfad von Zelle zu Zelle

Nickel-Filz Interkonnektor

1: Flichenwiderstand IC 3: Bahnwiderstand Kathode
2: Bahmwiderstand "Spalt” 4: Bahnwiderstand Anode
ZLOC: lokaler Widerstand der aktiven Zelle (="Planar™)

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

geschioesanes Ende

Interkonnektor
Elektrolyt

Luft-
Elekirods

T Brenngas-  zylindrisch 150 cm '
Lukt abgeralcherts
Lut HPD5 75¢cm -
HPD10 75cm v
Deltad 75 cm '

Quelle Siemens
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Solid Oxide Fuel Cell ﬂ("'
Tubular SOFC-Design (Mitsubishi Heavy Industries)

Electricity generating part
-

Cell stack Overall length : 1 500 mm
Quter diameter: 28 mm
tubular
Interconnector (Titanate) (Mitsubishi
.- @ Electrical path Heav_y
\\l %Ehode (LaSrCaMnOs) Industries)

Electrolyte (Featu.res)
(YSZ) Adoption of substrate tube

_ = High robustness
Anode (Ni/YSZ) |Long-length cell

= High sealability

Integral sintering

Substrate tube —GLI il
(CS7) igh durability

H
co.
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Brennstoffzellensysteme fir die stationare Energieversorgung ﬂ("‘
Mitsubishi Heavy Industries - Tubulare SOFC Tt

+ 50% power output

(Model 10)  ®Wp  (Model 15)

m

<Model 10 >
<Model 15 >
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Brennstoffzellensysteme fiir die stationare Energieversorgung ﬂ("’
Mitsubishi Heavy Industries - Tubulare SOFC

~ "
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Cell stack Cartridge @

Micro gas turbine

SOFC pressure vessel

System
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Solid Oxide Fuel Cell QA
Planar SOFC-Design (Rolls Royce) T

Erdgas “planares Design von MHI”

1 KW bei 950°C mit H,/Luft

) Luft
Keramik
Elektrizitat
— WA ——
0.
Air side Dampf
o)

50 W Modul

Feelside H, CO HO0 (O,
e 500 W “Bundel”
—

womahs It ooy mect

Nap

Quelle Rolls Royce
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Solid Oxide Fuel Cell
Planar SOFC-Design (Rolls Royce) ﬂ(".
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Ein “strip” von RRFCS “fuel cell bundles” von 2004 and 2005 Designs

(otpimierte Fertigungstechnik und reduzierte Anzahl an Anschlussteilen)
(Luzem 2006)
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Baukonzepte fur Brennstoffzellenstacks A\‘(IT
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Planarer Brennstoffzellen-Stack A\‘(IT
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Betriebsbedingungen im Stack &‘(IT
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SOFC Stack-Designs (bipolar, planar) A{]]
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Planar SOFC-Design (Mitsubishi Heavy Industries) QAT
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Anode
Elektrolyt
Kathode

iy o S Hy o s Hp 20 N Interkonnector
N B i (keramisch)

Mitsubishi Heavy Industries

Active layer Inter-connector

Inter-connector ———=

Seal matenal ———»
Active layer ——>

Inter-connector ——»

Seal matenal
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Solid Oxide Fuel Cell
Siemens Planar 10 kW SOFC Stack (1995)
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cathode

+<—electrolyte

~ anode

1 I~ jnterconnector

(metal, ceramic)

Cathode
Electrolyte
Anode
Interconnector
layers
cells/layer
electrode area
volume

el. power

current density
fuel utilization
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LSM

8YSZ

Ni/8YSZ-Cermet

CrFe5Y,0;1

80

16, each 50 x 50 mm?2

2 m?

0.02 m2

10.7 kKW @950 °C
8.4 KW @850 °C

0.6 A/lcm?2

40 ... 50 % (H.,)
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Solid Oxide Fuel Cell
Planar SOFC-Design
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- Global Thermoelectrics
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Stack Components (Siemens 1990-98)

,unsolved” problems

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

gastight sealing

www.iam.kit.eau'et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 28, 30.03.2021



Solid Oxide Fuel Cell

Planar SOFC-Design: Ceramic and metallic materials

Materials

(La,Sr)MnO,

Y,05;-doped ZrO, (YSZ) electrolyte

Nickel / YSZ
Cr 5Fe 1 Y,0,

(La,Sr)CrO,
(La,Sr)CoO,

Nickel-grid

glas sealing
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Components

cathode

e e ——
anode =
bipolar plate —

protective coating +

pretenaliver € ™ e

functional Iayery 0000000000000
joining material
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Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 29, 30.03.2021



Planar and Tubular SOFC Concepts AT
Ohmic Losses in Metallic and Ceramic Interconnector

h =30 um
c=1103S/m

metal

Voltage losses / mV
|

h=1mm
o=1109S/m

0,1 -

0,01 -

Metal Ceramic
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Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 30, 30.03.2021



Sulzer HEXIS Stackkonzept (urspriingliches Design) AT
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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: 31, 30.03.2021



Sulzer HEXIS Stackkonzept (urspriingliches Design) AT
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Sulzer HEXIS Stackkonzept (vereinfachtes Design) AT
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Brennstoff Metallisches
(H,, CO) Verbindungsstick einlagiger Interkonnektor

ohne separaten Warmetauscher
Nachverbrennung

+ geringere Bauh6he — hohere Leistungsdichte

+ einfacherer Aufbau des Interkonnektors
(pulvermetallurgisch hergestelltes Formteil)

+ geringere Chromstahl-Oberflache — weniger
Chromaustrag und Chromvergiftung

Luft Anode

Elektrolyt
Metallisches
Verbindungsstick Kathode
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Oxide lon Conductivity of Electrolyte Materials QAT

Temperature / Thickness Limitations
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< electrolyte supp. <> electrode supp.

>

1000 900 800 700

600

500 T/°C

10 F

1--——_.—--—--—-

G /(S/m)

|

200 mQ-cm2"
@_ 200 um_

8YSZ @
9ScSZ ®
11ScSZ ©)
3YSZ Tosoh @
5ScSZ ®
10GCO @)
200 mQ-cm?27 A LSGM ©
— 8YSZ ()
m—10ScSZ @)
10GCO @)
| SGM @)

mOoon

0,1F

0.75 1.00
1000 K/ T

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: (a) Siemens, (b) O. Yamamoto , (c) T. Ishihara, (d) IAM-ET

1.25 xYSZ: x mol% Y,O, doped ZrO,
xScSZ: x mol% Sc,04 doped ZrO,
LSGM: (La,Sr)(Ga,Mg)O4

www.iam.kit.eau'et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 34, 30.03.2021



Oxide lon Conductivity of Electrolyte Materials QAT

Losses as a Function of Temperature and Electrolyte Thickness =
0.20 |
— 8YSZ
— 10ScSZ
0.15 | =— LSGM
> ~
8s | / / I
S E 0.0 200 pm - / 20um | 2um _
0 8 / 7
go |
52 /
>
0.05 //
[ ——
/é
0'010 000 900 800 700 600 500 400

operating temperature / °C

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien WWW. |am . kit.ed u.’iet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 35, 30.03.2021



Solid Oxide Fuel Cell &("‘
Planar Cells

— . — ———— ]
interconnector: metal
l_| I A B l_|

electrolyte: 150 um
electrodes: 50 um
GTL: -

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. i am. kit.edUZ\'et

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 36, 30.03.2021



Solid Oxide Fuel Cell &("‘
Planar Cells

- — N —— ~— ——
interconnector: metal interconnector: metal
ﬁ mEnEnEeE ﬁ m

Iy 0 0 B B

N B

electrolyte: 150 um < 20 um
electrodes: 50 um 50 /> 500 um
GTL: - -

a%5e.  Institut fiir Angewandte Materialien

'i.g}' Elektrochemische Technologien WWW. i am. kit.ed u.\iet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 37, 30.03.2021



Solid Oxide Fuel Cell
Planar Cells

— .

SKIAT

Karlsruher Institut far Technologie

interconnector: metal
N A

interconnector: metal
I O O A

interconnector: metal

S R GTL metal GTL ceramic
-~ —~ >~ ~ — | MWV\/\JJ
I I N B [0y By By B e
]
electrolyte: 150 um <20 um <20 um
electrodes: 50 um 50 /> 500 um 50 um
GTL: - - > 500 um

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: IAM-ET

www.iam.kit.eau'et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 38, 30.03.2021



SOFC - Stack Design QAT
Planar Design with Electrolyte Supported Single Cell

mimim -
— > coating 50 um  LSCr, LSM
contact layer 50 um LSC, LSM
/ cathode 50 um LSM, LSM/YSZ
1 mm
(LSCF, ...)
- <« electrolyte 150 um 8YSZ, 3YSZ,
O()OOOOOOOQOOOOOOOOOOOOOOOOOOOOOK (1OSCSZ GCO)
\ anode 50 um  Ni/YSZ
contact layer ~200 um Ni-grid
LSCr: Srdoped LaCrO4

LSC: Sr doped LaCoO;,
LSM: Sr doped LaMnO4
LSCF: (La,Sr)(Co,Fe)O4

) nYSZ: n mol% Y,O4 doped ZrO,
Slemens, Sulzer nScSZ: n mol% Sc,0, doped ZrO,

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

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien WWW. |am . kit.ed u.’iet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 39, 30.03.2021



SOFC - Stack Design

Planar Design with Anode Supported Single Cell
\/\/’\/\/—\

1 mm

coating
contact layer 50 um
cathode

electrolyte ~10 um

anode

interconnector: metal

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien
Quelle: IAM-ET

—  ~ — Y/

Allied Signal, FZ Julich, DTU, Haldoer Topsoe, SolidPower, ...

SKIAT

Karlsruher Institut fur Technologie

LSCr, LSM
LSC, LSM
LSM, LSM/YSZ
8YSZ, 10ScSZ

<1500 um Ni/YSZ
contact layer ~200 um Ni-grid

LSCr: Srdoped LaCrO4

LSC: Sr doped LaCoO;,

LSM: Sr doped LaMnO4

LSCF: (La,Sr)(Co,Fe)O4

nYSZ: n mol% Y,O4 doped ZrO,
nScSZ: n mol% Sc,O5 doped ZrO,
GCO: Gd doped CeO,

Ni/YSZ: Ni/YSZ-Cermet

www.iam.kit.eau'et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 40, 30.03.2021



SOFC - Stack Design QAT
Planar Design with Cathode Supported Single Cell

interconnector: metal
1L 1

M\/—\

__— coating 50 um LSCr, LSM

1 mm

.— | _ contactlayer 50 ym  LSC, LSM

: cathode 500 um LSM, ...
electrolyte ~10um 8YSZ, 10ScSZ, ...
anode 50um  Ni/YSZ, ...
contact layer ~200 um Ni-grid

i <

LSCr: Srdoped LaCrO4

LSC: Sr doped LaCoOg4

LSM: Sr doped LaMnQO4

LSCF: (La,Sr)(Co,Fe)O4

i nYSZ: n mol% Y,O5 doped ZrO,
not realized nScSZ: n mol% Sc,0, doped ZrO,
GCO: Gd doped CeO,

Ni/YSZ: Ni/'YSZ-Cermet

a%5e.  Institut fiir Angewandte Materialien

‘i’!}' Elektrochemische Technologien WWW. iam . kit_ed uiet

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 41, 30.03.2021



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Substrat-Zelle FZJ

25 x 25 cm?

10 x 10 cm?

5x5cmz2

Fuel Cell Project E

Institut fur Werkstoffe und
Verfahren der Energietechnik

Institut far Werkstoffe der Elextiotachnik
SOFC_L¥.ppt
05.02.2002/ 42



Bruchflache ﬂ("‘

Elektrolytschicht der anodengestutzten FZJ-Zelle

Elektrolytdicke:
6,4 um

Kathode

Elektrolyt

EHT = 500kv  2UM*
File Name = Z2.71_BF_SD_08 tif Signal A=SE2 |—]

Ve Bk

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. iam . kit- e?\].\'\Qt

Quelle: IAM-ET Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 43, 30.03.2021



Stack Design QAT

Karlsruher Institut fur Technologie

B-Design

with cross-flow
and

external manifold,

1935

%%, Institut fiir Angewandte Materialien . . < I
Oaq . : N -
@)’ Elektrochemische Technologien www.lam. klt.eCI d.\et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 44, 30.03.2021

Quelle: FZ Jilich



Stack Design QAT

Karlsruher Institut fur Technologie

D-Design

with cross-flow
and

internal manifold,
1999

550, Institut fiir Angewandte Materialien

'i.g}' Elektrochemische Technologien WWW. iam . kit- e?d.\'\et

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 45, 30.03.2021



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Modellierung: Temperaturverteilung
bei interner Reformierung

Gleichstrom Gegenstrom Kreuzstrom
(@) (@) (@)
s s ’ 3
c 15 < 15 < 15
S S S
= = =
T 10 3 10— 3 10—
(@) (@) (@)

L
I

': 0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
cell lengthx/cm cell length x/cm tﬁ cell lengthx/cm
H|||||i|i||||||fm

750 800 850 900 950 1000
Temperatur / °C

f \ . y

. b Institut fur Werkstoffe und Institut fur Werkstoffe der Eleitotachnik

=i SOFC_L%.ppt

Fuel Cell Project E-jj e & et



Stack Design A\‘(IT

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 results in a more
nomogeneous femperature distribution in
case of internal reforming

(results of stack-modelling)

“;’:. Institut fir Angewandte Materialien WWW. |am ] kit.ed u.’iet

@)’ Elektrochemische Technologien

Quelle: FZ Julich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 47, 30.03.2021



Stack Design QAT

Karlsruher Institut fur Technologie

E*-Design (status 2001)

/;

L

PN . .. T | =

@s% Institut fir Angewandte Materialien . . ‘ S
N®5' Elektrochemische Technologien www.lam. klt.eCI uret

Quelle: FZ Jilich Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 48, 30.03.2021



Forschungszentrum Julich

in der Helmholz-Gemeinschaft

Power Stacks at FZJ
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/cm2 @ 0,765 V/cell
With Methane: 5.4 kW
0,38 W/cm2
180 A @ 30,2 V;

0,50 A/lcm? @ 0,755 V/cell

Fuel: 90% H, / 10% H,O0 7% H,/31% CH, / 62% H,O

Utilisation: 76 % @ 300 A 59 % @ 180 A
Oxidant: Air Air
Stoichiometry: 2 @ 300 A 3.5@ 180A
. TR Institut fur Werkstoff d Institut fur Werkstoffe der Elé‘iﬁafihﬁik
Fuel Ce” PrOJeCt E \Zesr;alarel:\rderegnserogi:tzghnik 05‘(}?{(225'5\2‘}”4’1’5




SOFC Stack Design
Leichtbaustack ﬂ(".

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

Wannenblech Nickelnetz Einlegerahmen
(auch Unterschale oder Interkonnektor)

550, Institut fiir Angewandte Materialien

'i.g}' Elektrochemische Technologien WWW. iam . kit- e?d.\'\et

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 50, 30.03.2021



SOFC Stack Design A\‘
Aufbau eines Leichtbaustacks (IT

Kassette 1

2-zelliger Shortstack

Kassette 2 mit
Glaslotauftrag

a%5e.  Institut fiir Angewandte Materialien

'i.g}' Elektrochemische Technologien WWW. |am . kit.ed u.’iet

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 51, 30.03.2021



SOFC Stack Design A {
Leichtbaustack-Kassette T

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. i am. kit- ewdsét

Quelle: FZJ Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 52, 30.03.2021



B fusiCellEneroy Versa Power’s SOFC Approach

Ultra-Clean, Efficient, Reliable Power

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

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

AR

OME CELL

AIR
FUEL

AR

ELECTROLYTE
CATHODE







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

Component Materials Thickness
Anode Ni/YSZ 0.5 mm
Electrolyte YSZ 5-10 um
Conducting

Cathode ceramic 10 - 50 um

Porosity
~ 4070
< 5%

~ 30%

Cell Overview

Process
Tape casting
Screen printing
Screen printing

55



; FuelCell Energy

Ultra-Clean, Efficient, Reliable Power

Scale Up

e Scaled up from 28
‘ cells up to 120
cells

e Stack power from
1 kW to 15 kW

Stack Development

Endurance
Enhancement

e Improved stack
thermal and flow
management

e Incorporated TSC3

Cost Reduction

cells
¢ Reduced stack cost to « Incorporated
meet SECA cost p P J4fl
Performance targets a v:_nce ow
media

Improvement

* Higher power density
e Higher fuel utilization

e Higher direct internal
reforming

e



FuelCell Energy
g3 fusiCellEnera) SECA Stacks

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

N

11

Phase lll stack
block (96-cell)

LTI
INOTIC

ORLY AUTRCRLIE

PERSONS 1O [NTTR = W

6-cell short stack 16-cell short stack THIS A

Phase | stack Phase Il stack
block (64-cell) block (92-cell)




FuelCell Energy

Ultra-Clean, Efficient, Reliable Power

Cell Power at 0.500 A/cm?

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)



FuelCell Energy _
Ultra-Clean, Efficient, Reliable Power 10 kW SOFC Demo Unlt 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
Eae | ' Stack Current 160.6 A
e : : Cell Voltage 857 mV
=\ // Varsa Power Stack Voltage 68.57 V

Systems
Module Power 11.013 kW
VPS 10 kW SOFC stack module integrated .
. Fuel Utilization - System 80.4%
with VTT BoP module g
Module Efficiency (LHV) 66%

N:
\

59



Kyocera

(a) 20-cells stack

Fuel Inlet

() Schematic diagram of single

cell
Anode #In/wrconnect
Cathode Electrolyte
X

{b) Single cell

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: Kyocera, Journal of Power Sources, Volume 193, Issue 1 2009, p 194

AT

Karlsruher Institut fur Technologie

“flattened tube” with ceramic IC
contacting be flexible metal sheets
integrated sealing

integrated afterburner

www.iam.kit.edu/et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 60, 30.03.2021



SOLIDpower (CFCL-Konzept) ﬂ("'

Karlsruher Institut fur Technologie

planar Stack

ASC’s with solid metallic interconnects (no cassette design)

glas sealant

available as Gennex Fuel Cell Module

BlueGen uCHP system with 60% el. efficiency

1) Stack

2) BoP (steam generator,
burner, heat exchangers)

3) Insulation

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. i am. kit'ed U/et

Quelle: CFCL Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 61, 30.03.2021



SOLIDpower QAT

Karlsruher Institut fur Technologie

planar stack,

Stackbox

ASC’s with metallic interconnects C O S0TePMYTTR

cassette design, coflow

cells, stacks hotboxes are available [

HoTbox™
« all high temperature components integrated
«complete high temperature solution for
SOFC system developers
« SOFC stack up to 1000 W iy
«heat exchanger
* CPOx reformer (natural gas)
*high temperature insulation y
« electric heater for start-up h}h

a%5e.  Institut fiir Angewandte Materialien

‘i.g}' Elektrochemische Technologien WWW. i am. kit-ed U/et

Quelle: SOFCPower Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 62, 30.03.2021



Ceres Power

+ MSC with CGO-electrolyte

temperature range

» operating temperature 500 ... 620 °C
» CGO-electrolyte limits operating

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: Ceres Power

cell data:

power at 0.75V/cell/W:

galvanostatic degradation rate/ %/kh:
number of controlled thermal cycles
without degradation above noise:
Number of Emergency stops with
<5% performance degradation:

1 metal sheet substrate

AT

Karlsruher Institut fur Technologie

>12 570°C/ 56%H2/44% N2 fuel
<0.5 570°C/60% fuel utilization/10A load

>200 100-610°C

>60 100-610°C with REDOX cycle

2 laser cutted holes
3 anode

4 electrolyte

5 cathode

www.iam.kit.edu/et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 63, 30.03.2021



Versa Power Systems / FuelCell Energy A\‘(IT

Karlsruher Institut fur Technologie

15 kW Stack 60 kW Modul

Stack Physical Attributes Nominal Operating Conditions Stack Current 187.4A
] i - Average Cell Voltage 819 mV
Cell Size (cm™) 25x25 Fuel Utilization (%) 68
Stack Voltage 78.64V
Cell Active Area (cm?) 550 Air Utilization (%) 15 roce Modute P 55,96 KW
Number of Cells 06 In-Stack Reforming (%) 25-70 Fuel Utilization - Svstemn 81%
Gross Power (KW) 16 Current Density ( mA/em?) 364 Module Efficiency (LHV) 64%
B Cathode Air > Exhaun .
Bower  Prefeater « modules for large power plants (DOE funding)
=@
i « fuel: natural gas, coal gas (CCS)
. : oo o JCRSISREER. L . : - :
Ouzer Bumer | i « internally-manifolded ferritic stainless steel
. — soFccaods +— | interconnects
Quench Air : SOFC Anode | o .
| : « cross flow configuration
' !
| . o
" | I » compressible ceramic gasket seals
Fuel Gas —» Desulfurizer :JJ_" Reformer i i gl : . . .
Fé”,‘fli'ife docie | Rosa : » not designed for APU applications
| creir Haatap: &0 et G ol g e s
Startup Water {electric)

+ Fuel-side Process Loop
— Owidant-side Procass Loop

Versa Power Systems, Ltd., 4852 52nd Street SE, Calgary, AB, Canada T2B 3R2
FuelCell Energy, Inc., 3 Great Pasture Road, Danbury, CT, United States 06813
http://www.fuelcellenergy.com/advanced-technologies/solid-oxide-fuel-cells/

a%5e.  Institut fiir Angewandte Materialien

'i.g}' Elektrochemische Technologien WWW. |am s kit-ed U/et

Quelle: ECS-transactions Vol. 57, No. 1 (SOFC XIII Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 64, 30.03.2021



NexTech Materials

FlexCell for 1-2 kW stacks

14.6 by 22.2cm

FlexCell for 5-10 kW stacks

 cell type: ESC with honeycomb
structure

« thin anode (high redox stability)

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: Nextech

24-Cell Stack

1 kW @ 0.78V, 70% f.u.

(H,/air, 800 °C)

* ~ 14 kh long term test (air/H.)

» 500h operation with 50 ppm H,S

» (ATR-reformate, 800°C, 0.73 V,
0.2 A/cm2, 65% f.u.)

» 3 thermal cycles

» 10 redox cycles

AT

Karlsruher Institut fur Technologie

« originally developed for military
applications

* high sulfur tolerance (50 ppm)
 cycling possible

www.iam.kit.edu/et

Vorlesung BBS 04 - Stack- und Zellkonzepte fuer die SOFC.pptx, Folie: 65, 30.03.2021



