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SOFC Brennstoffzellenheizgerat
(Mogliche) Verschaltung der Komponenten

90 x 3 slm = 270 sIlm (Luft, 21% 02)
71 @ 50% Nutzung

Umgebungsluft Ié;fst mbar
1013 mbar 2500
25°C Luftfilter

Ap=20mbar
5sim

Erdgas (40 mbar)

1053 mbar

BG-Verdichter
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Luft
1115 mbar
25°C

Luftverdichter
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Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
S Abgas
Warmetauscher LT <100°C 1013 mbar
ApAbgas=1 Ombar 60°C
» Nahwarmeauskopplung
40°C
H,O-Verdampfer > 100°C, 1025 mbar
APppgas=10mbar
L T—COasserpumpe
> 100°C, 1035 mbar
Nachbrenner
Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
Warmetauscher HT 3x 30 cells Restgases
Apapgas=20mbar 3x 0.5 kW T =850°C — Gasmischung:
ApLuft=20mbar 63 V, 24 A 1075 mbar A N2, 02, COz, H2O
_ Ap, < 75 mbar entsprechend zugefihrter
B Ap, < 12 mbar An:)denabgas Stoffmengen
2 Reformat- AT < 250 °C 75% f.u. (217/48/5/20 slm)
0 Zusammensetzung Ap=5mbar
,8 (Spec.: <72 slm) SOFC-Stack
o7 Teet = Tabgas
[ 1095 mbar
|_
10 slm » Netz (220V, 50Hz
(Vor-) Reformer + WT 1.5 kW 1.38 kW, ( )
150°C
25°C

Entschwefelung

steam to carbon ratio: 2

T, = 850°C

Reformer arbeitet bei 850 °C
APppgas = 15mbar

ApBrenngas = 10mbar

Tapgas > 850°C, 1070 mbar
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SOFC Brennstoffzellenheizgerat
(Mogliche) Verschaltung der Komponenten

90 x 3 slm = 270 sIm (Luft, 21% O2)

71 @ 50% Nutzung

Umgebungsluft
1013 mbar
25°C

Luftfilter
Ap=20mbar

Erdgas (40 mbar)
1053 mbar
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BG-Verdichter

Luft

993 mbar

25°C
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Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
S Abgas
Warmetauscher LT <100°C 1013 mbar
ApAbgas=1 Ombar 60°C "
» Nahwarmeauskopplung
40°C
H,O-Verdampfer > 100°C, 1025 mbar
APppgas=10mbar
MSserpumpe
> 100°C, 1035 mbar
Nachbrenner
Luft Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
1115 mbar Warmetauscher HT 3x 30 cells Restgases
. 25°%C AP pbgas=20mbar 3x 0.5 kW T =2850°C — Gasmischung:
Luftverdichter Ap,=20mbar 63V, 24 A 1075 mbar . N,, O,, CO,, H,O
_ Ap, < 75 mbar entsprechend zugefihrter
B Ap, < 12 mbar An:)denabgas Stoffmengen
2 Reformat- AT < 250 °C 75% f.u. (217/48/5/20 slm)
o) Zusammensetzung Ap=5mbar
,8 (Spec.: <72 sIm) SOFC-Stack
o7 Teet = Tabgas
[ 1095 mbar
|_
» Netz (220V, 50Hz
(Vor-) Reformer + WT 1.5 kWy, 1.38 kW, ( )

Entschwefelung

steam to carbon ratio: 2

T, = 850°C

Reformer arbeitet bei 850 °C
APppgas = 15mbar

ApBrenngas = 10mbar

Tapgas > 850°C, 1070 mbar
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Entschwefelung

Cartridge Filter based Desulphurization Unit

The Desulphurizer removes sulphur contents of natural gas or
LPG for usage in fuel cells or catalytic systems. Customized
solutions for sulphur compounds like H,S, COS, SO,, THT or
TBM are provided. The unit is constructed of two parts: the
desulphurizer vessel and the filter cartridge that holds the
adsorbent. Minimal pressure losses allow the usage of natural
gas from a low-pressure grid.

Desulphurizer vessel

v Two-parts vessel with permanent installation in the
gas path

v" Quick opening for adsorbent exchange

v" Connections from 12" to 1" internal thread

v'  Material: stainless steel

v" Design pressure: 2 bar(a)

Filter cartridge

v" Vertical flow direction

v' Gas-tight screwing in vessel (fast to exchange)

v" 50 um outlet filter

v'  Material: stainless steel

Adsorbent

v' Adsorbents for ambient or elevated temperature levels (metal
impregnated active coal or ZnO)

v" Dimensioning according to customer’s specification

v" Removal of THT, mercaptan (thiol), H.S, COS, SO,
to S;: < 1 ppm

v

Lifetime depending on local conditions and sulphur loading

1%% Institut fir Angewandte Materialien
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Quelle: EBZ
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Desulphurization Vessel

Cartridge Size
Types volume @B x H
(Examples) (Liter) (mm)
EBZ-DF-1-CF 1 90 x 400
EBZ-DF-5-CF 5 160 x 420
EBZ-DF-10-CF 10 220 x 510
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SOFC Brennstoffzellenheizgerat QAUT
(Mogliche) Verschaltung der Komponenten

Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
S Abgas
Warmetauscher LT <100°C 1013 mbar
ApAbgas=1 Ombar 60°C "
» Nahwarmeauskopplung
40°C
H,0-Verdampfer > 100°C, 1025 mbar
APppgas=10mbar
90 x 3 slm = 270 sim (Luft, 21% O2) Wasserpumpe
71 @ 50% Nutzung > 100°C, 1035 mbar Nachb
achbrenner
Umgebungsluft Luft Luft Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
1013 mbar 993 mbar 1115 mbar Wairmetauscher HT 3x 30 cells Restgases
25°C 25°C -20mb 3x 0.5 kW T =850°C — Gasmischung:
25°C Luftfil Luftverdicht APogag=20mbar 0
uftfilter uftverdichter AP, e20mbar 63V, 24 A 1075 mbar | N,, O,, CO,, H,0
Apy n=20mbar . Ap, < 75 mbar entsprechend zugefhrter
B Ap, < 12 mbar An:)denabgas Stoffmengen
2 Reformat- AT < 250 °C 75% t.u. (217/48/5/20 slm)
10 Zusammensetzung siehe Folie 6 siehe Folie 7
= siehe Folie 4 SOFC-Stack Ap=5mbar
- Il
'_
» Netz (220V, 50Hz
(Vor-) Reformer + WT 1.5 kW 1.38 kW, ( )
5sim
Erdgas (40 mbar)
1053 mbal’ BG-Verd|Chter Entschwefel abgas > 85000, 1070 mbal’
steam to carbon ratio: 2
T, = 850°C
Reformer arbeitet bei 850 °C
Abgas = 15mbar
= 10mbar
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Reformer

EBZ Reforming Unit

The Steam Reforming Unit is available in three standard
sizes: 300 W, 1000 W and 5000 W referred to the
heating value of the natural gas input. Other customized
solutions are possible. The reforming unit consists of an
electrical evaporator, a heated mixing zone and the
heated catalyst bed. The unit can be used either as pre-
reformer or for full fuel conversion depending on the
equilibrium temperature.

The Reforming Unit is designed in particular for the gas
processing in solid oxide fuel cell (SOFC) systems. Here,
the operation of a stack with partly internal reforming
can be investigated systematically.

Key features
v' Electrically heated reactor
v" Precious metal or nickel catalysts
v" Compact design
v" High-temperature resistant materials
up to 900 °C
v" Low heat and pressure losses
v' Integrated evaporator for homogenous steam supply

Fuels

v" Natural gas / methane
v Ethanol / methanol

v" LPG (propane / butane)
v" Biogas

“;’3 Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien
Quelle: EBZ

EBZ-SR-300 Steam Reforming Unit for
300 W,,,, methane / natural gas
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[ e~ Conversion (mas fracsion) 200

o

~0- Comversion (malse fraction)
—t— Resforming hest supply

400 450 500 550 s00 650 700 750
Reforming temperature in °C

Methane conversion and heat demand of the
reforming reaction (S/C=2.5, 2 kW,,,, natural gas)
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EBZ-SR-300 EBZ-SR-1000 EBZ-SR-5000
Scale (based on LHV 300 W 1000 W 5000 W
natural gas)
Steam-to-carbon-ratio 2.3
Catalyst Precious metal or nickel
Max. autlet temperature 750 C
Pressure loss <100 mbar
Max. heating power
Reformer 500 W 1000 W 3000 W
Evaporator 250 W 500 W 2500 W
L1: 440/ L2: 495 L1: 640/ L2: 720 L1: 680/ L2: 760
Dimensions - » . . .
lternative dimensions B1: 360/ B2: 180 B1: 340/ B2: 200 B1: 430/ B2: 255
zn request o H1: 300/ H2: 205 H1: 410/ H2: 355 H1: 435/ H2: 370
ques H3: 125/ H4: 185 H3: 185/ H4: 80 H3: 210/ H4: 110
5 K-type thermocouples 6 K-type thermocouples
Instrumentation (reform. heater safety temperature, reactor inlet temperature, reactor (additional: evapor. heater
outlet temperature, evapor. heater temperature, steam temperature) safety temperature)
Fuel supply (NG) 0.05 ... 0.5 I 5rp/min 017 ... 1.7 Iy grp/min 0.85 ... 8.5 | grp/min
Water supply 5...100g/h 15 ...300 g/h 75 ... 1500 g/h
Evaporator Integrated External
Design pressure 1 bar(g) 1 bar(g) 1 bar(g)
Design temperature 900 C 900 T 900 T
™
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550 00
Reforming temperaturs in °C

Reformate composition in dependence on
reforming equilibrium temperature (S/C=2.5)
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SOFC Brennstoffzellenheizgerat
(Mogliche) Verschaltung der Komponenten

90 x 3 slm = 270 sIlm (Luft, 21% 02)
71 @ 50% Nutzung

Umgebungsluft Ié;fst mbar
1013 mbar 2500
25°C Luftfilter

Ap=20mbar
5sim

Erdgas (40 mbar)

1053 mbar

BG-Verdichter
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Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
" Abgas
Warmetauscher LT <100°C 1013 mbar
APppgas=10mbar 60°C . )
» Nahwarmeauskopplung
40°C
H,O-Verdampfer 1025 mbar
APppgas=10mbar
Wasserpumpe
00°C, 1035 mbar Nachb
achbrenner
Luft Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
1115 mbar Warmetauscher HT 3x 30 cells Restgases
L f . h 25°C ApAbgas=20mbar 3X 05 kW T = 85000 e GasmlSChUﬂg
uftverdichter Ap,=20mbar 63V, 24 A 1075 mbar . N,, O,, CO,, H,0O
_ Ap, < 75 mbar Anodenabaas entsprechend zugeflhrter
3 Ap, < 12 mbar ¢ 9 Stoffmengen
2 Reformat- AT < 250 °C 75% t.u. (217/48/5/20 slm)
10 Zusammensetzung siehe Folie 6 siehe Folie 7
8 : i SOFC-Stack
= siehe Folie 4 Ap=5mbar
ey (Spec.: <72 slm)
: Tref = Tabgas
10 slm 1095 mbar » Netz (220V, 50Hz)
(Vor-) Reformer + WT 1.5 kWy, 1.38 kW,
150°C
25°C

Entschwefelung

steam to carbon ratio: 2

T, = 850°C

Reformer arbeitet bei 850 °C
APppgas = 15mbar

ApBrenngas = 10mbar

Tapgas > 850°C, 1070 mbar

Vorlesung

www.iam.kit.eau'et

BBS 05 - Nebenaggregate.pptx, Folie: 8, 30.03.2021



Verdampfer / Befeuchter

]
St
@

EBZ offers a broad variety of gas humidification
solutions. EBZ bubbler and membrane humidifier
guarantee a reliable and steady gas humidification.
For applications requiring higher humidification rates
(e.g. reformation of hydrocarbons) EBZ developed
sophisticated evaporators. EBZ electric and thermal
evaporators cover a steam generation range from
10 g/h up to 10 kg/h. EBZ evaporators are optimised
regarding a highly homogeneous steam generation
in a wide modulation range.

Key features

[ humidification units ]

|
v v

SKIAT
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gas /

humidification

air steam / auto-

thermal reforming

v

vy

v

bubbler / electrical thermal
membrane h. evaporator evaporator
-
l et
customer
100 ... 350 g/h || 150 .. 2500 g/h demand

EBZ electrical evaporator type EE-DU2500 with

Max. mass flow water in g/h
(volume flow gas in | /min)

Nominal input rating in W

Steam (gas) outlet
temperature in °C

v" Various performance classes
v' Compact design :
] single component case
v Homogenous steam generation
v Low fluctuations in cell OCV
v Special design for low flow rates
v" Standard units as well as customized solutions
EBZ type / Bubbler ‘Bu:::l_nlelrl Membrane Electrical Thermal
property unheated eE:ar::;ad Y humidifier evaporator evaporator
Humidification in vol.-% ca. 3 <15 <30 up to 100 up to 100
Volume flow gas in ly s <30 <30
Mass flow boundary in g/h 2.500 10.000

Bubbler BU-70C (20)
Electric evaporator EE-MZ100 100
Electric evaporator EE-MV250 250
Electric evaporator EE-MV500 500
Electric evaporator EE-DU2500 2.500
Thermal evaporator ET-PZ600 600
Thermal evaporator ET-PZ1500 1.500

500

150

400

750

3.000

630

1.575

(30)

200 - 350

200 - 350

200 - 350

200 - 350

200 - 400

200 - 400

Institut fir Angewandte Materialien
Elektrochemische Technologien

Quelle: EBZ
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SOFC Brennstoffzellenheizgerat QAUT
(Mogliche) Verschaltung der Komponenten

Ap=2mbar

Wasserabscheider Absaugung
1015 mbar
S Abgas
Warmetauscher LT <100°C 1013 mbar
ApAbgas=1 Ombar 60°C "
» Nahwarmeauskopplung
40°C
H,O-Verdampfer > 100°C, 1025 mbar
APppgas=10mbar
90 x 3 slm = 270 sim (Luft, 21% O2) Wasserpumpe
71 @ 50% Nutzung Nachb
achbrenner
Luft, 1 o
Umgebungsluft Luft Luft u t, 1095 mbar, Staxera Mk200 100% Umsatz des
1013 mbar 993 mbar 1115 mbar ‘ Warmetauscher HT 3x 30 cells Restgases
o500 . 25°C _ 25°C AP pbgas=20mbar 3x 0.5 kW T =850°C — Gasmischung:
Luftfilter Luftverdichter Ap_yx=20mbar 63V, 24 A 1075 mbar | N,, O,, CO,, H,0
Apy=20mbar - Ap,<75mbar { | entsprechend zugefiihrter
B Ap, < 12 mbar An:)denabgas Stoffmengen
2 Reformat- AT < 250 °C 75% t.u. (217/48/5/20 slm)
10 Zusammensetzung siehe Folie 6 siehe Folie 7
= siehe Folie 4 SOFC-Stack Ap=5mbar
ey (Spec.: <72 slm)
: Tref = Tabgas
10 slm 1095 mbar » Netz (220V, 50Hz)
(Vor-) Reformer + WT 1.5 kW 1.38 kW,
5ol 150°C
sim o
Erdgas (40 mbar) 25°C
1053 mbar BG-Verd|Chter Entschwefelung Tabgas > 850°C; 1070 mbar
steam to carbon ratio: 2
T,o = 850°C
Reformer arbeitet bei 850 °C
ApBrenngas = 10mbar
7o, . .. T
.‘.-0‘ Institut fir Angewandte Materialien - H N W
@)’ Elektrochemische Technologien WwWww.lam. klt-eq b et
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Warmetauscher

Type Ve Heat transfer Length / Width /

(Examples) (T} capacity (kW) Height (mm)
EBZ-HX-03 950 0.3 100/ 60/ 25
EBZ-HX-05 950 05 160 /75 /30
EBZ-HX-1 950 1.0 280 /150 /55
EBZ-HX-3 950 3.0 230/150/ 35
EBZ-HX-5 950 5.0 300/160/50

Heat exchanger EBZ-HX-05 with measurement

ports for thermocouples (cross-flow design)

Example of application

v' Plate heat exchanger in counter-flow design
v/ Maximum temperature: 850 °C

v' Designed heat transfer capacity: 3 kW

v’ Task: preheating air for electrical gas heater
v Dimensions: 400 mm x 130 mm x 40 mm

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien
Quelle: EBZ

Examples of heat exchangers

EBZ-HX-3

Temperature in *C

Pressure loss in mbar

AT

Karlsruher Institut fur Technologie

N L
00
______.———-""‘l‘\‘_-ﬁ--"'
506 ..-"""‘ X
,.r'/f —=Hat Side {Inlet]
400 - —o=Hat Side {Dutlety [~
0 | =e=Cold Side (Inlet)
/ =={oid Side [Outet)
200 |
100 Vior sige 200 husmimin F
0 | .
2 3 B 5 &
Vit sie | Yeolaside
Performance of EBZ-HX-1
N R
n £ 11N
f ==Hot Side at 590°C (EBZ-HX-1)
5 =0=Cnkl Side ab 450°C (EBZ-H¥-1) 11
~~Hot Side at 5B0°C (EBZ-HX-13)
0 HH-
/' ——Cakl Side at 490°C [EBZ-HX-03)
1% /;
10

A/ pamil)

il T

i} 1on 1000

V in by srofmin

Pressure losses of EBZ-HX-03 and
EBZ-HX-1
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Warmetauscher |l

Application

v Cooling of exhaust gases with water or air

v" Waste heat recovery / water heating

v Drying of hot gases / separation of condensate
v" Gas temperature control

Key Features

v' Compact and flexible design
v Operation: cross-counter flow or cross-co flow
v" Maximum temperatures:

- up to 650 °C: one-stage economizer

- up to 1000 °C: two-stage economizer

- up to 1200 °C: economizer in tube bundle

design

v Heat transfer capacity up to 40 kW
v’ Standard products for different heat capacities
v Pipe connections according to customer demand

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

Quelle: EBZ

EBZ-GC-650-2

AT

Karlsruher Institut far Technologie

Specification of standard economizers

Type Tmax Heat transfer L /B / Height
e (T) capacity (mm)
P (kW)

EBZ-GC-650-1 650 1.0 210/150/70
EBZ-GC-650-2 650 2.0 240/180/70
EBZ-GC-650-5 650 5.0 270/210/100
EBZ-GC-1000-1 1000 1.0 240/130/70
EBZ-GC-1000-5 1000 50 320/200/100
EBZ-GCX-1200-3 1200 3.0 265/130/75
EBZ-GCX-1200-7 1200 7.0 290/160/110

EBZ-GCX-1200-7

Cooling of exhaust gas above its dew point

Gas Inlet

Gas Outlet
Cooling water
Outlet Inlet
Economizer type EBZ-GC Two-stage economizer EBZ-GC-1000

www.iam.kit.eau'et

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 12, 30.03.2021



SOFC Brennstoffzellenheizgerat
(Mogliche) Verschaltung der Komponenten

90 x 3 slm = 270 sIlm (Luft, 21% O,
71 @ 50% Nutzung

Umgebungsluft Ié;fst mbar
1013 mbar 5°C
25°C Luftfilter

Ap=20mbar
5sim

Erdgas (40 mbar)

1053 mbar

BG-Verdichter
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Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
" Abgas
Warmetauscher LT <100°C 1013 mbar
APppgas=10mbar 60°C, .
» Nahwarmeauskopplung
40°C
H0-Verdampfer > 100°C, 1025 mbar
~’Wasserpumpe
> 100°C, 1035 mbar Nachb
achbrenner
Luft Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
1115 mbar Warmetauscher HT 3x 30 cells Restgases
. 25°%C AP pbgas=20mbar 3x 0.5 kW T =2850°C — Gasmischung:
Luftverdichter Ap,=20mbar 63V, 24 A 1075 mbar . N,, O,, CO,, H,O
_ Ap, < 75 mbar Anodenabaas entsprechend zugeflhrter
3 Ap, < 12 mbar ¢ 9 Stoffmengen
2 Reformat- AT < 250 °C 75% t.u. (217/48/5/20 slm)
10 Zusammensetzung siehe Folie 6 siehe Folie 7
38 : i SOFC-Stack
= siehe Folie 4 Ap=5mbar
ey (Spec.: <72 slm)
: Tref = Tabgas
10 slm 1095 mbar » Netz (220V, 50Hz)
(Vor-) Reformer + WT 1.5 kWy, 1.38 kW,
150°C
25°C

Entschwefelung

steam to carbon ratio: 2

T, = 850°C

Reformer arbeitet bei 850 °C
APppgas = 15mbar

ApBrenngas = 10mbar

Tapgas > 850°C, 1070 mbar
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Systemauslegung
Luftzufuhr

Verlustleistung:

Luftmenge: 270 nim

Lufttemperatur Stack ein (nach Warmetauscher): 650°C

Lufttemperatur Stack aus: 850 °C

— der Stack wird mit 1233 W Leistung gekuihlt

Bedarf fur Zellreaktion
90 Zellen a 24 A Stromaquivalent
— 35.8 nim

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

02:

N2:

cpop(tesla ) :=|27.96 + 4.18-

cpno(tesla ) :=|28.3 + 2.537-

SKIAT
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tesla tesla 2 joule
— 0.167- o
1000K 1000K mol-K

tesla tesla 2 joule
— 05443 -
1000K 1000K mol-K

Cpair(tesla) = 0.21-cppp (tesla ) + 0.79-c,np (tesla)

Ty := 923K
T, :=1123K
T
joule
Wi = Cpair(X) dx Wih =
T, mol
L
fry == 270 —
min
1
mfry;, = fry;- L mfr,, =
224 —
mol
p == Wy, -miry;, p = watt
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Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 14, 30.03.2021



Geblase fur (Kihl-) Luftzufuhr (State of the Art)

Leistungs-/Energieaufwand Verdichter:
Ap = (1115 —-993) mbar = 122 mbar
270 slm = 16.2 m?/h (1013 mbar, 0°C)

Leistungsaufnahme: ~ 400 W

Leistungsabgabe (Volumenarbeit):

mfr ;. = 270

V, == 270L

pq := 1013 mbar

ps = p; + 122mbar

p1-Vi
V2 =
P2
\%Y 12 = —270

W 12 — 51851 W

-R-273.15 K:1n
min Vmol

mfr ;. = 16.2 T

V, = 0241 m’

a%5e.  Institut fiir Angewandte Materialien

@)’ Elektrochemische Technologien

Quelle: IAM-ET, SKV-tec

SKIAT

Karlsruher Institut fur Technologie

1-stufiger Seitenkanalverdichter

Vs

Vi

e SOHZ
= SKV-tec s0Hz
T
-~
A133=
A1338
0 40 80 120 160 200 240 280
. mbar
total pressure difference(gauge) & P —
T3e |veflopR| ¥ 2| T | |8z, |88 |8: | £ |EBs,
$22 /333 59% 2rg 825\ 2388| 5 |388%
© 2%« €5 |32E|28>FE o=
: - — .0 =1 £ © =
- 33 |a8 | @
§=°
SKV-NS. | A130S 50 | 0,25 16 80 110 -100 53
80-1-101 | o131 5 80 | 028 | 2q0- 1,9 98 110 -110 56 9
SKV.NS. | A132S 50 | 04 240 2,7 80 130 -120 53 11
80-1-111 | A133 5 60 | 05 32 98 160 -150 56 11
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FLOW SHEET OF FC BLOWER DEVELOPMENT

System Specification
(e.g. based on system simulation)

Assembly Design

S = Rotor
Base Dimensioning JESs =Bearings [
Aerodynamic s S= -Sealing k.
- Cooling
= Lubrication

: » Materials
Concept Phase Base Design Riabon

Mechanics E-Motor - E-Motor

» Assembly Check

Detail Design - Drawing Release

Aerodynamic Manufacturing ” 1_‘:
Prototypes >

CAE Analysis Rotor n
FEM Structural Analysis Testing

-Rotor dynamics *Pressure
- Flow

= Efficiency
» Acoustic
« Durability
« Vibration

CFD Analysis ™
Aerodynamic

Proof of Design Proof of Design

Richard Boker, AVL Schrick GmbH, May 17th, 2010



DEVELOPMENT OF BOOSTING COMPONENTS

SCHRICK
Base design of turbo compressors
= Base dimensioning (diameters, trim, inlet-/ o —
outlet angles eic) based on 1-D calculation ) i u
= Detailing i {i }K e
=>» Turbine and compressor blades ; ﬁ%gg_%
(2D or 3D) = = %%E:b |
e %HE-‘:—-‘*-:
- Complete impeller with-w/o splitter blades | =if 5 i
=>» Diffuser

= Volute

For given operation point (mass flow, pressure

ratio) and boundary conditions (e.g. max. outer
diameter or max. rpm)

Richard Baker, AVL Schrick GmbH, May 17th, 2010 g . \\



A )

3.5

254

DEVELOPMENT OF BOOSTING COMPONENT

CFD Analysis

e Kgnnlinia & 30000 &'min - sabel oo

e Fgrnnlinia & 30000 &'min - insdabil PUMPEN < &

— Fgrnlinia i 1£0000 1/min - Sabl <2

e Kgrnnlinia g 1£000D 1/min - irstahi] PUNPEN <3

—— Kgrnlinia i 160000 1/min - Sai] <

e Kannilini @ & 160000 17min - Insabi] PURPEN <7
Kenniold i mamsn} < i

pumping

instable

TIEET TR T T T " A THERE 1T R W TR 1T TN

m_oar

Richard Boker, AVL Schrick GmbH, May 17th, 2010

pumping recirculation

T e~ ]

—-—t

== =3 3D-CFD calculation (ANSYS
_____ L CFX), stationary or transient

stable flow

=>» Calculation of compressor maps:

= Speed

=> Efficiency

=> Pressure ratio
- | => Mass flow



TESTING AND MANUFACTURING OF FC BLOWERS

SCHRICK

Hot Gas — Test Rig Manufacturing of prototypes

Manufacturing capabilities

- Blower and bearing housings
« Impellers

« Blower shafts

» Manifolds

« Blower assembly

| Materials
0 i - Cast steel and iron alloys
j_'_':'-'f IR i - e.g. GGG50, 1.4849, D5S
.. X » Nickel base alloys (corrosion &
T AT temperature resistive)
ML AT A T
Crae o T 1] - e.g. Inconel 713C, MAR 246
: I : : : - Titanium alloys
JESESESSS=e=ses
z- : Eemamne_ SRS

Richard Boker, AVL Schrick GmbH, May 17th, 2010




AVL SCHRICK Anode Blower

Measured Compressor Map

120
1.18
AO000 17 min
1.1E
BO000 1 i
114
TOO0D 1 i
112 4
i
| e |
l;l l_":l A D/J_n\—kj\
O
ﬁ po S0000 1/ min
o
o
S 106 -
w
o
ul': 104 4 0000 19in
102 W
100 -

0,000 0,002 0,004 0,006 0,005 00 02 o4 06 008 020

Reduced Massflow [kg/s]

DACH Il Workshop, 23.02 2011, Juergen Rechberger, AVL List GmbH 9



AVL SCHRICK Fuel Cell Blowers
FC Blower Properties
= \Very compact Design

= Functional integrated Housing & E-Motor

Anode Blower

» _ow Heat Radiating Area
= Efficient Cooling and Lubrication

= Suitable for Hydrogen containing Media

Air Blower = Up to 500T Medium Temperature

JAC Workshop, 23.02.2011, Juergen Rechberger, AVL List GmbH
DACH Il Workshop, 23.02 2011, Juergen Rechberg List |



SOFC Brennstoffzellenheizgerat
(Mogliche) Verschaltung der Komponenten

90 x 3 slm = 270 sIlm (Luft, 21% 02)
71 @ 50% Nutzung

Ap=2mbar
Wasserabscheider
1015 mbar
<100°C

Warmetauscher LT
APppgas=1 Ombar

SKIAT

Karlsruher Institut fur Technologie

Absaugung

Abgas
1013 mbar

60 Ct Nahwéarmeauskopplung

40°C

H,0-Verdampfer > 100°C, 1025 mbar

APppgas=10mbar
L Omasserpume

> 100°C, 1035 mbar

Nachbrenner
100% Umsatz des
Restgases

— Gasmischung:
N,, O,, CO,, H,O

Umaebunasluft Luft Luft Luft, 1095 mbar, Staxera Mk200
1%13 sk;> 993 mbar 1115 mbar Warmetauscher HT 3x 30 cells
o . 25°C L 25°C AP oo =20mbar 3x 0.5 kW
25°C Luftfilter Luftverdichter o bar R 2 A
Luft= 2

Ap=20mbar

5sim 25°C

4

Ap, < 75 mbar

Anodenab§as

entsprechend zugeflihrier

g Ap, < 12 mbar 780 § Stoffmengen

£ Reformat- AT < 250 °C /LU (217/48/5/20 sIm)

10 Zusammensetzung siehe Folie siehe Folie 7

= siehe Folie 4 SOFC-Stack Ap=5mbar

ey (Spec.: <72 slm)

: Tref = Tabgas
10 slm 1095 mbar » Netz (220V, 50Hz)
150°C (Vor-) Reformer + WT 1.5 kWy, 1.38 kW,

Erdgas (40 mbar)
1053 mbar

Tapgas > 850°C, 1070 mbar

BG-Verdichter

"‘}'0‘ Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: IAM-ET

Entschwefelung

steam to carbon ratio: 2

T, = 850°C

Reformer arbeitet bei 850 °C
APppgas = 15mbar

ApBrenngas = 10mbar

www.iam.kit.eau'et

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 22, 30.03.2021



Restgasbrenner

Application

v
v
v

Burning of SOFC anode off gas
Burning of other low caloric fuels
Burning of natural gas for different processes

Key features

v

S,
Yot

@

Burning of both low and high calorific gases,
from 3 MJ/m3 to 110 MJ/m3

Admixing of auxiliary fuel for calorific values
below 3 MJ/m3

High power density up to 10 MW/m3

2-stage burning chamber for wide modulation
range up to 1:10

Very low CO and NO, emissions < 10 ppm
Robust operation even during fluctuations of
gas flow or gas composition

Temperature control by N type thermocouple

20

[
v

Emissions / ppm
-
(=]

w

Stoichiometry /[ -

Measured emissions during burning
of low, medium and high calorific gases

Institut fir Angewandte Materialien
Elektrochemische Technologien

Quelle: EBZ

Complete 8 kW burner incl. ignition,

premixing and insulation

SKIAT

Karlsruher Institut fur Technologie

Burning chamber

Types (Example) EBZ-PMB-2 EBZ-PMB-5 EBZ-PMB-8
Materials Hozzillfgu S sTaEi‘::ZSZO;:; \S/IS}I\(\: 0,

Power range 0.3-2 kw 0.5-5 kw 0.8-8 kW
Maximal outlet temperature 950 *C 1100 =C 1100 °C
Pressure loss 12 mbar 10 mbar 10 mbar
Diameter [ Length @ 130 mm x 180 mm @ 170 mm x 230 mm @ 200 mm x 260 mm

Instrumentation

I[gnition

Burning chamber temperature (N type thermocouple)
Flame barrier temperature (N type thermocouple)
Mixing chamber temperature (N type thermocouple)

Ignition electrodes or glow plug

www.iam.kit.eau'et

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 23, 30.03.2021



Brenngasumsatz

SKIAT

Gleichgewichtszusammensetzung des Anodenabgases
3.5
—H,
—H,0
3 —_— CO
—CO,
S 25 ——CH,
= 1 mol CH,
.g 5 2 mol H,O
© 75% f.u.
g
$ 1.5
E
G
@A
7
0.5
O [ —

500 550 600 650

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

700 750 800 850 900 950 1000
Temperatur / °C

www.iam.kit.eau'et
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Brenngasumsaitz QAT
Gleichgewichtszusammensetzung des Nachbrennerabgases e

50
— H2
45 H0
—CO
40 —CG,
2 = e
2 30 02
@
o 25 1 mol CH,
4 2 mol H,0O
£ 20 55 mol Luft
£ (21% O,)
» 15
10
5
0

500 550 600 650 700 750 800 850 900 950 1000
Temperatur / °C

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien www.lam. klt.eCI uret

Quelle: IAM-ET Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 25, 30.03.2021



SOFC-APU AT

Karlsruher Institut fur Technologie

fuel processing .

fuel : ¥ unit SOFC :
supply 3 .
d 2 E

. : electrolyte .
exhaust«— e ®
: vaporizer - | heat exchanger burner :

. ALAEAEEAAAE AR UAAEAAAEE Rl AAAEEAEEEEAAEEREEREEEEEEREEERERERRR
air .

-

/__\ water supply

condensor

a%5e.  Institut fiir Angewandte Materialien

‘i’!}' Elektrochemische Technologien WWW. iam . kit.ed u.ielt

Quelle: Proc. of the 4th European SOFC Forum, European Fuel Cell Forum, S. 59 - 115, 2000 Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 26, 30.03.2021



SOFC-APU with Anode Tailgas Recycle

anode

fuel
supply

o)
tailgas recycle

exhaust

» vaporizer
air
supply

reformer

electrolyte

e

-

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

Quelle: IAM-ET

| heat exchanger

1

0p)
@,
5
O

X

burner

SKIAT

Karlsruher Institut fur Technologie

www.iam.kit.eau'et
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SOFC APU
Delphi DPS 3000D

Endothermic Diesel Reformer with

Gen 4 SOFC Stack integrated burner

Highly
integrated
manifold and
heat exchanger

Desulfurizer assembly

Electronics and Controls
Module

Fuel and Air Supply
Systems

» High quality, reliable power: 110 Vac and/or 12 Vpe
» High fuel efficiency: 40 to 50% higher than current gen set APUs
* Low noise: <60 dBa at 3 meters
* Ultra-clean, near zero emissions:

o Meets Tier 4 Emissions standards for Non-Road Diesel

Engines

o For CO, less than 8 g/kWh

o For NMHC and NO,, less than 0.2 g/kWh
»  On-board reforming capability

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

Quelle: Delphi

AT

Karlsruher Institut fur Technologie

www.iam.kit.equset

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 28, 30.03.2021



Delphi-APU QAUT

Nebenaggregate .

Insulation
Shell

Integrated
Component
Manifold

Process Air Delivery System

hot reformate desulfurizer

process air blower

Anode Tailgas Recycle Pump

a%5e.  Institut fiir Angewandte Materialien

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

Quelle: Delphi Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 29, 30.03.2021



Nebenaggregate SOFC-APU

Systemkonzept

Brennstoff

~| Reformer

Luft 3

SOFC
Brennstoff-
zelle

v

Restgas- | Warme-

h 4

—( ¥ )

Elektrizitat

brenner | ibertrager

) &

Brennstoff: Diesel (schwefelarm)

"‘}'0‘ Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien
Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Luft

SKIAT

Karlsruher Institut far Technologie

Warme

H,O
-@-» Co,
Warme

www.iam.kit.eau'et
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Nebenaggregate SOFC-APU

Anforderungen

Cebensdauer (ZyklenD>

20%

0%

Wirkungsgrad
40 %

= Zie| ENSA
— Zje| Serie

%
%/‘

Bauraum

351

Leistung (netto)

Quelle: BMW AG

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

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

3 kW

Gewicht

35 kg

SKIAT

Karlsruher Institut fur Technologie

ENSA-Anforderungen SOFC-APU
Startzeit min 10
Startenergie kJ 10.000
Leistung (netto) kW 1,0
Wirkungsgrad % 20
Bauraum I 60
Gewicht kg 50
Lebensdauer - 250
(Zyklen)

www.iam.kit.eau'et

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 31, 30.03.2021



Nebenaggregate SOFC-APU &(IT
Komponenten

*
_-'J-.J-

i
1
i
i
i
E . :
]
- ]
E \\_--'- 1
' Luftversorgung :
]
-t ]
It ]
| :
I
i
i
]
i

-

-

Hjco .
—

Diese| mpp & — ' '
(800°C) T —

| TEe——

o I

Fogrpiche Quelle: BMW AG
Weiterentwicklung Gesamtsystem StackbauprozeB
(Auslegung, Entwicklung und Absicherung) (F+E zur Industrialisierung)

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. i am . kit-ed‘d.\'et

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009 Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 32, 30.03.2021



Nebenaggregate SOFC-APU
Gesamtsystem (Labor-Prototyp)

Reformer-
modul

AT

Karlsruher Institut fur Technologie

eiringldirlger)

Status | Einheit
Startzeit (To,=650°C) 14 min.
Volumen 85 Liter
Gewicht 60 kg
Elektr. Leistung 1.0 kW
Wirkungsgrad 20 %
“;’:‘ Institut fir Angewandte Materialien WWW.i am ] kit. e d‘ J| .\'et

@)’ Elektrochemische Technologien

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009 Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 33, 30.03.2021



Nebenaggregate SOFC-APU

Startzeit

AT

Karlsruher Institut fur Technologie

800 Quelle: BMW AG
o [t [ e
—LM4.2 : o .. [l B
600 4-{— LM 4.2 (Simulation) :
O . Selbststart-
o : fahiges
l:l 500 - tarkes : Teilsystem
.E Gesamt-
E : system
2 e e
2 300 miish
200 -
100 - :
: 25,5 min
0 I I I I *
0 5 20 25 30

ism: integriertes Stackmodul

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

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Startzeit [min.]

www.iam.kit.eauiet

Vorlesung BBS 05 - Nebenaggregate.pptx, Folie: 34, 30.03.2021



Nebenaggregate SOFC-APU
Startzeit Komponenten

Komponenten-|Status| Status SF_atus Status
status Stack | Reformer warme- Brenner
ubertrager
Startzeit 20 5 6 2,25
Kaltstartzyklen
Warmstartzyklen
Lebensdauer 3.000 306 1.000 478| [h]

Quelle: ElringKlinger

v

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

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

AT

Karlsruher Institut far Technologie

www.iam.kit.eau'et
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Nebenaggregate SOFC-APU
Betriebsverhalten

AT

Karlsruher Institut fur Technologie

51250 B Quelle: BMW AG 302 50 z
& H =
oy Nachweis zur Erreichung der elektr. =Y 8 ”n 3
5 . . L. —
= Leistung von 1 kW mit iSM + o 70 2
o g’ 2
510001 £ 65 &
u
C - 207 60
| g €5
5 S 50
5 750+ E
D S 45
£ &
s . L 102 40
=
@ 35
500 - = e
s - 30
1 25
- L 0 20
250 — U Stack 15
—— | Stack
1 —— T-Kathode Austritt T 10
s P ch Diesel Reformer 5
! . I I \ 1 w— P Stack (W) i
0 Lt _10 0
05:00 05:30 06:00 06:30 07:00 07:30 08:00

a%5e.  Institut fiir Angewandte Materialien

@)’ Elektrochemische Technologien

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Gesamtzeit [hh:mm)]

www.iam.kit.eau'et
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Nebenaggregate SOFC-APU
Reformer

Erkenntnisse:

« Selbststartender Reformer v

« Start des Gesamtsystems durch den Reformer v
* RuRvermeidung bei der Reformierung v

» Untersuchung Betriebskennfeld Reformer v/

» Zyklus- und Lebensdauertest v/

Luft/

Thermoelement- Ancidunakyg ax

fUhrungen

Ca. 1000 *C

Ca. 850

BRI  Gluhstift

Verdampfervlies S
. N

Kraftstoff

Viiesheizung __|

—— — — — _ — ___

Flammsperre

Ca. 380250 °C
Mischraurm Katl  Kat2

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

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Gaskonzenration in Mol molpese

AT

Karlsruher Institut fur Technologie

Quelle: OWI
14 1400
co 1
12 1200 &
— Ha =
10 Anmmm t 1000 -E
-\\\ E&
-~
=
8 minimale Prozesstemperabur 00 g
&
4 Ruliziidurgsgenze [ 400 =
HeO
o - e 4
0 . v 0
0.5 03 0,35 04 0,45 0s

Lufverhaitnis

www.iam.Kit.eaudet
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Nebenaggregate SOFC-APU
Reformer

AT

Karlsruher Institut fur Technologie

Auswirkungen der Kraftstoffverteilung im Vlies auf die Gemischbildung im ,.Kalte-Flammen-Reformer*

Langzeittest nach 100h
2. Versuch

1. Versuch

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

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Stromungssimulation: Thermographie:
Velocity Luftzufuhr Flammensperre
{Wector 1)
l R l I Quelle: OWI

b A
; '-_:'3;\;‘" ]
— 4, BERes) il"\.‘ -ELE

i

0 _00b0e-00

Im s~-1]

e
B
H =

Rezirkulationsgebiete

GegenmalfRnahmen:

» \Verbesserung der Vliesanbindung

» Rezirkulation von Anodenabgas

» Verbesserung der Luft-Einstrombedingungen
in die Gemischbildungszone

www.iam.kit.equset
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Nebenaggregate SOFC-APU
Restgasbrenner

1200 24
1000 20
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o 8 800 6 &
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Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

Temperatur in *C

AT

Karlsruher Institut far Technologie
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Nebenaggregate SOFC-APU

Stack getrennt
von HEX-Modul

Integriertes
Stackmodul

—>

590

380 mm

%% Institut fiir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: BMWi-Projekt ENSA Statusseminar, Berlin 2009

AT

Karlsruher Institut fur Technologie

Herausforderungen beim Stackmodul:

. Volumenreduzierung von 84| auf 40l

. Materialvertraglichkeit / Thermomechanik

Temperature
A Sosnsa r
1.0%4et3

Quelle: BMW

www.iam.kit.e?u.x'ét
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SOLID OXIDE FUEL CELL — AUXILIARY POWER UNITS

APU Development
Program

= AVL initiated the
development program together
with Topsoe Fuel Cell (TOFC)
in 2002

=>primary focus in 2002 was
the technical feasibility (1kW
proof-of-concept system)

=>» after successful proof-of-
concept the focus was shifted
to the development of
competitive end-customer
products

Ultra Low Sulfur Diesel

Motivation: Reduction of heavy duty truck
idling costs and emissions

Solution

= SOFC APU concept based on solid oxide fuel cell
technology

= Fuel: diesel, electrical net efficiency: 35%

=» Functions: cabin climatisation, electrification, engine
pre-heating

Reformer

Anode Blower

Bir Compressor

Richard Boker, AVL Schrick GmbH, May 17th, 2010

L

53— =

Pr

CATHODE

--------------------------------------------------------
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AVL SOFC APU — Packaging Concept
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System Development — | Integrated Reformer — Burner®

Start-up in 18min
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AVL DIESEL REFORMER Development

= AVL was forced in 2010 to change catalyst supplier
= Catalysts from 3 suppliers have been screened
= Gas quality with new supplier already close to old
results
Stand alone reformer = Together with catalyst supplier formulation will be
further optimized to improve gas quality
= Typical gas quality: <300ppm NMHC, <35ppm C6+,
no carbon detectable in product gas
Non-Methane Hydrocarbons, Catalyst X
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APU DEVELOPMENT FOCUS

= System development (e.g.
combined reformer-burner
development)

= Development of metal-supported
stack technology with partners

= Durability and reliability
development

3kW SOFC APU (80L, 70kg) = Compressor development (air
AVL Gend AT Diessl Reformer and anode recirculation)

= Diesel reformer development
= Control system development
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EXAMPLE OF RECIRCULATION BLOWER (3kW APU)

Advantages of radial Blowers for FC Applications

Noncorrosive Materials
= protect stack for particles
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High efficiency

Qil lubricated high speed bearings

= highest durability &
low maintenance effort

blower design

= low power
consumption &
noise emission

Special shaft sealing

design = prevent
lubricant contamination

Thermal Isolation &

high temperature materials

= capable for ~500°C

Richard Boker, AVL Schrick GmbH, May 17th, 2010

FEM & CFD
analysis methods

= robust design

Prototypes available
in late 2010!
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Specificationen Blower

Magnetic Clutch

= hermetic sealing

High speed
electric Motor
= small package

& light weight

Speciflcation [walue Unlt
Impeller Oiameter |72 m
Typ radial
nae, RPW 35000 1imin
max. Mediunm Tenperature 400 “G
Freasure RALio (at Teax] 1,085
Hass Flow /9.5 .. 5.9 oS
nax . Aerodynamic Output 1] W
igentropic efficiency |ca. 80 #
specificationen Drive
spgcatication Walue unig
Typ BLOC Wotor, sensor less
Kunbar of PFples 12
rated voltage 24 v
max, Power dutput THO W
Clutgh magnatic ¢lutch with

spparating can, hernetic

gae sealing




Ausblick AUT

Systemauslegung

Ap=2mbar
Wasserabscheider Absaugung
1015 mbar
o Abgas
Warmetauscher LT <100°C 1013 mbar
ApAbgas=1 Ombar 60°C
» Nahwarmeauskopplung
40°C
H,O-Verdampfer > 100°C, 1025 mbar
APppgas=10mbar
90 x 3 slm = 270 sim (Luft, 21% 02) L1 Wasserpumpe
71 @ 50% Nutzung > 100°C, 1035 mbar
Nachbrenner
Umgebungsluft Luft Luft Luft, 1095 mbar, Staxera Mk200 100% Umsatz des
1013 mbar 993 mbar 1115 mbar Warmetauscher HT 3x 30 cells Restgases
25°C Luft 2°C | Liverdichte APpgas=20mbar 3x 0.5 kW T = 850°C ~» Gasmischung:
uftfilter uftverdichter Ap_=20mbar 63V, 24 A 1075 mbar . N,, O,, CO,, H,O
Apy=20mbar . Ap,<75mbar { | entsprechend zugefiihrter
B Ap, < 12 mbar An:)denabgas Stoffmengen
2 Reformat- AT < 250 °C 75% f.u. (217/48/5/20 slm)
ey Zusammensetzung Ap=5mbar
,8 (Spec.: <72 slm) SOFC-Stack
o7 Teet = Tabgas
[ 1095 mbar
'_
10 slm » Netz (220V, 50Hz
(Vor-) Reformer + WT 1.5 kW 1.38 kW, ( )
150°C
sim 25°C

5
Erdgas (40 mbar)
Tapgas > 850°C, 1070 mbar

1053 mbar BG-Verdichter Entschwefelung
steam to carbon ratio: 2
T, = 850°C
Reformer arbeitet bei 850 °C
APppgas = 15mbar
ApBrenngas = 10mbar
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