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Operation with natural gas
SOFC Gas Turbi
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Parameter

Value

. MNumber of Channels

~...--

Design Spec Value
Design Mass Flow Rate (kgfs) 133
Design Turbine Inlet Pressure for NFCRC (kPa) 304
Design Turbine Inlet Pressure for NETL (kPa) 405
Design Turbine Inlet Te rature (K) 1050
Desugn Compressor Inlet sure (kPa) 101.325
Compressor Impeller Radius (m) 0.055
Design Compressu.r Inlet Temperature (K) 208
Design 5 (RPM) 63,000
Diffuser Expansion Ratio .

Plenum Volume (NFCRC only) (m*)

Drescription NFCRC NETL
~ Catalytic Exhaust Temp (K} 1120.44 1106.724
- Cathode Inlet Temp ( 856.45 M7
- Gas Turbine Power (kW) 136.35 127.32
Fuel Cell Power (kW) 856.95 860287
Efficienc 56.20% 56.50%
Current émgle cell) (A) 1025.06 1039
Voltage (single cell) (V) 076 0.7

-vlw

216

Cell Active Area m’ 1.08
Specification
Inlet Temperature K 923
Inlet Pressure Pa 104,425.2
Exit Pressure Pa 104,425.2
Channel Width m 0.0031
Channel Height m 0.0013
Inlet CH, mole frac 0.2798
Inlet CO mole frac 0.005
Inlet CO- mole frac 0.0346
Inlet H, mole frac 0.1168
Inlet H,0 mole frac 0.5662
Cathode Specification
Inlet Temperature K 923
Inlet Pressure Pa 104,425.2
Exit Pressure Pa 104,425.2
Inlet CO mole frac 0.1553
Inlet H,0 mole frac 0.1553
Inlet Nz mole frac 0.559
Inlet Oy mole frac 01294
Channel Width m 0.0031
Channel Height m 0.0032
Exchange Current amp/m® 50
Density
Diffusion Limiting amp/m? 4000
Current Densit
Transfer Coefficient 075
Cell Specification
Thickness m 0.01
Heat Capacity lkg K 200
Density l:gfm3 1500
Net Resistance ohm m? —6.667% 1077 (T=273)
. Soocificat +4.78332 1074 Acell
a.mlur cation
Thickness g P 0.001
Heat Capacity .]J'l:g K 61l
Density kg/m’
e
. == Sy
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- | MCFC Hybrid Systems (3/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (1/9)

Fuel cell layout (1/2)
6l 51 %‘
: i SHR: sensible heat reformer
SHR Anode | Cathode ,
1 ccB ECB: exhaust catalytic burner
! T . 1s 1 ; B CCB: cathode catalytic burner
' W = AN !

w 13
A 14
Fuel ECB
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Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (2/9)

Fuel cell layout (2/2)

Manifold End Plate

Manifold

Gasket

Cells

Manifold End Plate
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Fuel cell data

FCS design point performance (these values do not take into account the power necessary for the stack pressunsation)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (3/9)

Efficiency Power Cell voltage Stack temperature Electricity to Fuel utilisation rate
(%) (kW) / (K) heat ratio
50.13 1004 0.6528 922 (0.9933 0.4068 (Single pass) 0.9377 (Total)
Temperature and composition at design point
System point” Ti(K) Molar fraction rate (%)

H: CH, CO 0, H.0 0; M2
4 (reformer mlet) 048 4.136 2584 4.254 61.85 27.17 0 0
61 (anode inlet) 856 8.37 0.743 6.729 58.81 25.34 0 0
8 (anode outlet) 067 4,002 0.7001 4.346 63.19 27.67 0 0
51 (cathode mnlet) el 0 0 0 B.175 Q.087 1.1 T1.6
7 (cathode outlet) 962 0 0 0 3855 0.758 9461 76.89
15 (CCB inlet) 059 0.464 0.110 0.493 10.58 11.79 B3EE 68.17
16 (exhaust) o756 0 0 0 4806 1016 0184 T75.85
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Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (4/9)

Pressurization by auxiliary compressors

SHR Anode

Cathode

!
|
[
|

w = TN 12:

T 29 13 14
®_ |_' ECB '—‘

Fuel

*Taking into account the power for the two auxiliary compressors the stack
system efficiency is reduced to 40.1%
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Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (5/9)

Pressurization by turbocharger

M |

61 51 ——
_ a———
. [ - l e

Fuel

Air
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Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (6/9)

MCFC-mGT hybrid system (using a simple cycle gas turbine)

@
« ] ""CC-%—“VL Q‘—J{
Anode l Caihode |
N
e T ;F T T A
1= - > ! = il Cell exhaust gas enters the
/— F] B H .
o gas turbine expander at about
O T 3.5barand 700°C.
Lﬁ _ *Possibility of post-

ﬁﬂ\? 3 ) " | combustion in the ECB.
Om %
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'MCFC Hybrid Systems (11/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (9/9)

Performance comparison

B5 |
FCS + GT
A TIT=997K
60 4 ‘,A”/ Pe et =119 KW,
FCS + MGT sol. 1 FCS + furbocharger
55 TIT=973K TT=992 K
a:. Post comb. Rate = 17.78 % Pena= 101 kW,
'E"‘ PB net = 148 kKW, I‘.'_.___'___...-
2 504 FCS + MGT sol. 2 =
L3 TIT=1054 K
= Post comb. Rate = 21.21 %
8 Panet= 156 kW,
T B net FCS standard lay-out -
Penet= 78 kW
M anode in = 0.4363 kg/s et ’
M cathode in = 0.5168 kg/s
40 1 Currert density = 1580 A/m”
Oi);ralin pressure = 0.35 MPa o
Inlet anodic 9% of Hy: 8.5 %
35

E5 60 &5 70 V5 80 B85 90 985 100 105 110 115 120 125 130 135
Pmate/Pror %
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Pressurised MCFC based Hybrid system by TOYOTA (1/4)

Fuel cell data
Stack structure : Intermediate gas holder type
Manifold type - Internally mamfolded type
Gas supply method : Co-flow
Composition : Li/Na
Number of cells : 140cells

Electrode area : 1.015m?2
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MCFC/mGT hybrid system layout

Fue=l
asufurizern

Gas Hezat

Fuel

|

C-:uupr&es-:-r[ E:"':':'F:"F
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Exhaust [ 1
— Water Recovery tank

MCFC Module

E

o
'.ll

HRSG

‘. Micro Gas Turhine _.a"l

Pressurised MCFC based Hybrid system by TOYOTA (2/4)

Water Treatment

Feed Water

Air




TP eS|
- | MCFC Hybrid Systems (14/15)

Pressurised MCFC based Hybrid system by TOYOTA (3/4)

MCFC/mGT hybrid system: performance estimation

EXPO MOTOMACHI

MCFC Stack 2stack 1stack
Operating Pressure (MPaG) 0.335 0.15
Cell Voltage (V) 0.726 0.757
Current Density ( mA/cm?2) 158 182
Stack Temperature ('C) 580/670 580/642

MCFC AC Power (KW) 310 187
MGT AC Power (kW) 48 16
System AC Power (KW) 358 203
Efficiency (%:Gross AC/LHV) 55 443
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Pressurised MCFC based Hybrid system by TOYOTA (4/4)
MCFC/mGT hybrid system: 2005 World EXPO test results
60
50 ‘_-‘ - ¥
a | -
= 40 —
@ .-.I. # Testrun
% 3[} i.* H In ;;:-:- an [ |
%20 = 800 | T ] 400
(a8 - g tart ——— 3/25 T 1
10 — — :}' r ¥ Epo. apening Cathaode inlet tamparature
» 8 600 — e e — 300
_5 j — ¢ Stack voktaps
0 £ i = , . !
100 200 300 : v power efficiency |
Total power output; kW E 400 _J ! =l F’E __'-__]'—-_ 200
€ 200 L { sl J;—‘ === 100
= ||
= o I ' N LA
2/17  4/2  5/16  6/29 8/12  9/25

Power kW, Stack voltage;V
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Athmospheric SOFC based Hybrid system

i ﬂ . Y
I :.'.-. --': g
FC FP —‘—- ;
e r SOFC :

-
- = > 5
o e 5 —
] ; ; AC
-— Critical component

FC — Fuel compressor HT (T7= 1000°C)
SOFC- Fuel Cell - .
B- Burner T— T
C — Compressor ] 1 8
E — Expander c @

REC- Recuperator

/’/
E
FP — Fuel pre-heating ! ‘_‘_,--"'"’ (I H‘“‘*«.\
DH 4
! v +—
‘ loe ‘ . ‘2:1—:

B=4; Ppc 2.=1198 KW; P 1 . =422 KW; Py =1550 kW; 1 =0.44;5 Ns=0.55
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Pressurised SOFC based Hybrid system (1/6)

Critical component

FC — Fuel compressor
SOFC- Fuel Cell

,' B- Burner
I DC~" | C - Compressor
B 0 5 1 ACl E- Expander
%‘ — S ,' REC- Recuperator
| | SOFC i B FP — Fuel pre-heating
FC s FE > g ol
s ‘ 2 ‘% . i— ,' M_fuel = 0.018 kg/s
=waad, T— M_air =1.05 kg/s
A A== Q{ > Prc/Phs = 83%
g ‘ \\~_ —i’l B -4
Ny — = T Fuel Cell Power = 474.8 kW
~N = Hybrid System Power =565.8 kW
C E 4(:}
| ~~ Fuel Cell Efficiency = 0.53
| | + Hybrid System Efficiency =0.62
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Pressurised SOFC based Hybrid system (2/6)

Theory of Pressurisation 1
 |deal cell voltage is a function of pressure (Nernst Equation)

@Ode O, partial pressD

& / /2 5
AG” R-T -
L = S > In (p02)| Pa,

ne.F ne IS \ pH20 \/

Ide.al c.ell volt.age increases | o — pressure Fatiol
with increasing pressure [~ remains constant —
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Pressurised SOFC based Hybrid system (3/6)

Theory of Pressurisation 2
 Cell voltage = Ideal voltage - Losses

E cell E ggctlvatwn - nohmlc - 77 dlﬁ”@

*K

Electrode process losses
reduce with increasing
pressure

Mass transport losses
reduce with increasing
pressure

At constant current, cell voltage and hence
power increase with pressure
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Pressurised SOFC based Hybrid system (5/6)

DIRECT BENEFITS OF PRESSURE

*Pressurisation reduces pressure ,
Direct effect of pressure on key
drops caused by flows
parameters

*Pressurisation reduces pumping
work required to overcome pressure Pressure drops
drops: allows greater power density

through reduction in passage size;
reduction in stack volume big driver Pump work 1/ P2

for overall system cost.

*Reduces area and cost of heat Heat exchanger area | 1/P%5 —
exchangers (based on U ee/Ugmy) | 1/P98

-Increa§e.s cell performance: 50 % Cell performance
stack efficiency; translates to €/kW. AV mV

29 log Pr
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Pressurised SOFC based Hybrid system (6/6)
Pressurised and atmospheric HS compared

Identical stack in pressurised and
atmospheric configurations

e Near term SOFC stack
e Underlying stack efficiency 50 %
. . Efficiency
 System efficiency exceeds stack TP ik 67%
efficiency for pressurised case
Net power
. 684 1051
sAtmospheric recuperator must be kW
done with exotic material Recuperator
hot inlet 871 al6
*Pressurised recuperator can be temp °C

stainless steel
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v'Cell details (1/3)

Interconnect
Contact

(Sum)

Interconnection

Air Electrode Supported Tubular (80 um)

SOFC

Electrolyte
(40 um)

130 kWe DC @ 1 atm
180 kWe DC @ 3.8 atm

uel Electrode
Air Electrode

“’ GaAri .

parallel; 8 series; nickel
“felt” cell connector
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v'Cell details (2/3)
-
> o NEW BUNDLE
=, Z="
- % 75 5 Series * 3 Parallel
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Fuel

v System details (1/4)
1a
3.000
Y\_® — Py= 289 kW
""é g—"* P.c= 239 kW
206 - | D 4 PmGT: 50 kW
n A4 \ -y - nHS= 0.64
| ATAATAYL
AAAAS
F
/ - [l = e

515
400 DS e | Logo
15758 / 0.634
0,009 # Sh4

F X 3857 858
0.625 3h64
/ 0634
193
3054
0625 C

= ]
g B0

B

s

(=Nl ]
Ln
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SOFC HS Based on Tubular Cells (5/7)

v System details (2/4)

gy Eais
nCO+nCH,
Heat for Fuel Recirculation
reforming
reactions \
Ejector

Pre-reformer

)

Y

Air Exhausts
']
M
Tubular
cells
//
N—"
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SOFC HS Based on Tubular Cells (6/7)

v'System details (3/4)

Secondary
Inlet

Primary
Nozzle

Duct

Diffuser
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SOFC HS Based on Tubular Cells (7/7)
v'System details (4/4) )
Part-Load analysis
0.70
0.65
>
e
£ 0.60
O
= 0.55
2 ——68000 rpm 0.60 -
64000 rpm 0.58 - )&
60000
0.50 | | 5 25000 rom 3 056 -
—»—52000 rpm % 0.54 |
0.45 ‘ ‘ ‘ 5 052 -
= —@—68000 rpm
04 05 06 07 8050 4000
P/PD.P. § 0.48 —%—60000 rpm
Plant Net Efficiency 8161 _x_::ggg :22
0.42 ‘ ‘ ‘ ‘
0.2 0.4 0.6 0.8 1
P/Ppp
SOFC Efficiency
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v'Rolls-Royce Fuel Cell Systems: cell details (1/5) /,

Air outside

orous tubexvall
Fuel inside

Series connected cells

voltages
used (cf HV distribution

material

— Avoids cost of high puri
material for bulk quantit

— All active materials in th

nterconnect

Cathode
Electrolyte
Anode

through one wall of tube

— Give low currents and high

— Enable reduction in material

lines)

» Structural support is cheap inactive

ty active
ies
in layers
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SOFC HS Based on Flattened Cells (2/8)

v'Rolls-Royce Fuel Cell Systems: cell details (2/5)
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SOFC HS Based on Flattened Cells (3/8)

v'Rolls-Royce Fuel Cell Systems: cell details (3/5)

SOFC Block Components
Module
~ 50W
Stack
=~ 800kW ,
Block
~ 50kW

Bundle \

=~ 500W

—)

Strip
=~ 3kW

Module arrangement
allows for thermal
expansion compliance

Modular stack design
allows scale up to multi-
megawatt range using
the same basic building
blocks

Design allows for
flexibility in fuel
processing options

The use of high
temperature pressurised
SOFC plays to Rolls-
Royce technical
strengths
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SOFC HS Based on Flattened Cells (5/8)

v'Rolls-Royce Fuel Cell Systems: cell details (5/5)
Development plan (Integrated Planar SOFC)

Interconmect
ME Cathode Air
cell Electralyte
‘"‘“ﬁ.ﬂ.ncde =
— - Mat Gas |
—— e ] I Y
) — BT [Electricity
Comimercial — =
Ceramic ’ —_— =
-@L‘" — b Steam
- [E— _.
M - - N g bl
edigble
Screen Printer S0 Watt L1UbAL Stack i, TO, PM
Bundle

Demonstration Units
2004

FI=W

Fuel Cell System Fuel Cell System

1 Megawatt SOFC
Hyhrid System

250 Kilowatt Fuel
Cell & Microturhing




TP

SOFC HS Based on Flattened Cells (6/8)

v'Rolls-Royce Fuel Cell Systems: plant details (1/3)

Natural gas (hot)

Rolls-Royce's novel solution: the heat-exchanger-less SOFC hybrid cycle. The system is pressurised to 7 bar
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v'Rolls-Royce Fuel Cell Systems: plant details (2/3)

Stack Detailed Model
(real geometry)
mmmmmmmmmmmm
AIR (representative geometry)
7 @
= =
e @ 2

. / TURBO-GENERATOR
1w ] REFORMER

Iy FC STACK

OFF-zAS COMBUSTOR p
560°C
~350°C TATM

N e /

3 —
»i EXTERNAL FUEL

PROCESSOR

FUEL
840°C
7ATM

CATHODE EJECTOR j
/ \ ANODE
EJECTOR
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v'Rolls-Royce Fuel Cell Systems: plant details (3/3)

Multiple fuel cells Multiple fuel cell
Flat ceramic tube Screen printer on a tube tubes in a strip

Turbogenerator

Generator Fuel cell stacks Fuel cell strips
modules on a skid encased in a combined to form
generator module stack blocks




