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Research background - biomass integrated gasification-SOFC sy:

Motlvatlon
___1

B|omass

=~ FRIEDRICH-ALEXANDER

= UNIVERSITAT _
= EALANGEN-NURNBERG

\ Absorbens
(Ca-basiert)
Precoat- partikel- und
Filter H,S freies
Syrlrﬂvesegas
:> Vergaser Synthesegas . 200-400°c
Kiibler ZnO-Filter
Koks- und
teerhaltiger
Filterkuchen
Gasification | Gas cleaning | @
Conversion |

SOFC as an alternative to gas engine in

CHP systems:
* High electrical efficiencies

* Higher hydrocarbons could be utilized
—> simpler and cheaper gas cleaning

systems
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Fundamentals of SOFC - Solid Oxide Fuel Cell

fue]gas—--u..,\

TPB: Triple Phase Boundary

Ni
anode B ') electron
electrolyte vS7
cathode LSM or LSCF
oxyg@n
ion
Schematic of SOFC [1]

High-temperature operation (700-1000°C)

= Required to maximise the O% conductivity of the electrolyte

v’ Using various fuels (CO,

CO,, hydrocarbon fuels)
v’ Direct internal reforming oi| hydrocarbonsl

Folie 4
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w Primary tars + +++ +
Primary tars Secondary tars + ++ ++
Tertiary tars +++ + ++
fast / v (
average temperature .
The amount and composition of tar are strongly dependent on:

Secondary tars

Tertiary tars
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Conversion of tars on SOFC anodes

* Tar - from the pyrolysis step of the gasification process of biomass
“‘Higher-chain hydrocarbons that condense on cooling a biogenic gas”

“All organic components present in the biogenic product gas except gaseous hydrocarbons C1 to C6”
“All organic contaminants with a molecular weight larger than benzene”

Biomass - Downdraft gasmer Updraft gasifier Fltiidized bea
gaS|f|er

Tar load [g/Nm3]

very fast /
low temiperature

» The type and properties of each fuel (biomass)

/ slow / (  The type of the reactor (gasifier)

high temperature .
The gasification parameters

r

Folie D

Formation of biomass tars Bl
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Conversion of tars on SOFC anodes

Interaction between tar and SOFC anodes: )
Tolerance level of tar in the

+ Direct electrochemical oxidation producer gas for SOFC:
y B y _ | tens to few hundred ppmv
| CxHy+(2x+§> 0%~ - xCO, +§H20+(y+4x)e
| + Steam reforming (SR) with water gas shift reaction (WGS) @
CyHy + xH,0 © xCO + (x + %) H, Impacts of tar on SOFC vary with:
| CO + H,0 < H, + CO, " Anode materials
’ = Qperating conditions
+ Dry reforming = Steam to carbon (S/C) ratio
y = Temperature
Cltly < 2800 & 2200 o1 il = Current density
= Interaction with other tars

- Carbon formation = Degradation

Further research required:

v Better understanding of fates of
tars on SOFC anodes

v Suitable operating conditions for
long term operation

Folie 0 : B
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Purpose of the project

° Investigate the impact of tar model on the performance of
SOFC and conversion of tar at different temperatures

| * Investigate the interaction between hydrocarbons (e.g.
| Naphthalene, methane)

* Determinate the temperature-dependent permissible fuel
utilization of representative hydrocarbons under load

* Establish the kinetic approaches of steam reforming of tars in
CFD model

* Integrate the kinetic approaches into SOFC model

7]
""" Brennstoffausnutzung > j
— (fuel utilization) . %
[ =&

teerhaltiges “ " Anoden-
Synthesegas Abgas

Folie 1
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Kinetic approaches of catalyzed tar reforming - reaction mechanism

ﬁ CO{GJ i H2{Q‘.l A ﬂ
umerica X Tar G+ CH* + H*
Modeling X it

Tar conversion mechanism on SOFC anodes !

Hydrocarbons adsorbed on the nickel sites = C,H,*, C* and H*

Steam and carbon dioxide adsorbs on the ceramic support > H*, HO* and O*
The active species react to CO and H,

The gaseous molecules desorb from the active sites

B L=

Folie 9
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Kinetic approaches of catalyzed tar reforming - reaction kinetic

Naphthalene (C,,Hg) as example

Numerical
Modeling

D
I
il

* One lump model: tar disappears by several simultanous reactions
—> Apparent tar conversion rate by single first-order kinetic
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Rate equation

Rate constant k
[mol s m2 bar]

Note

800°C 900°C
Apparent kinetic parameters
r=k-pc, o, 0.11 0.33+0.08
° Power law type:
. Eq
Rate equation A (/kmol] Note
_ EA . 7 ClOHS + 4‘H20 - C6H6 + 460 + 5H2
r=A-exp(=575) " Cm, cioHg ANT.78 0810 Nickel catalyzed steam reforming
E
r=A-exp(— R_~AT) cclyy oy | 43107 3.32:108 Nickel catalyzed decomposition

Foie 10
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Kinetic approaches of catalyzed tar reforming - reaction kinetic

’ | * C,,Hsg is more strongly absorbed on the nickel catalyst

—> r proportional to occupancy of the adsorption sites
Numerical

* LHHW (Langmuir-Hinschelwood-Hougen-Watson) type for heterogeneous

reactions
’ Rate equation Parameters Note
i E, K, C
A - exp(— 525) - Ceyohg A [Jkmol] | [m*/mol] [K] Nickel catalyzed
r =
C conversion
L+ Ko exp(p) * Ceiots | 44108 | 149108 | 15109 | 1.1810¢
, i K’ Nickel catalyzed
K pesgn, [1/Pa] steam reforming at
14+ K- lower temperature
Peiotty 0.42-108(649°C) |  0.042 (649°C) oot
1.20-105(700°C) | 0.0165 (700°C) ressure

Folie 11
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Vorführender
Präsentationsnotizen
Higher hydrocarbons like naphthalene are more strongly adsorbed on the nickel catalyst. The catalyst active surface is covered by naphthalene and hydrocarbon fragments
In that case, a kinetic approach like the Langmuir– Hinshelwood type can describe the conversion rate of tars
reaction rate is proportional to the fraction of the covered surface
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SOFC Fuel Cell With Unresolved Electrolyte Model

_, Cathode Flow Channels

’ | Cathode
Current —*
B T Collect
* Unresolved electrolyte: L
Modeling anode and cathode Cathode " ——Cathode
interlayers (TPB) and Interlayer
L 7,
electrolyte are modeled
as a pair of wall and Electrolyte
wall-shadow faces — —
3 Anode
electrolyte interfaces nteclaver Anode
’ Electrode
Anode
Current

Collector

h Anode Flow Channels

Schematic of a SOFC [

The model simulates:

v" The fluid flow, heat transfer, and the mass transfer in the flow channels and in the porous
electrodes

v The transport of the current and and the potential field in the porous electrodes and in the
solid conducting regions

v The electrochemical reactions at the electrolyte interfaces

Folie 12
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Details of SOFC Fuel Cell With Unresolved Electrolyte Model

'§i
:

’ | Conservation of energy including
Numerical R ——— ohmic heat generation
Modeling Conservation of mass, momentum ,

Interaction between electrochemistry and electric field:
¢jump = ¢Nernst — Nete — Nact,a — Nact,c

Gcent = ¢jump — s

Foie 13
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Experimental Setup — Gas supply station

t

Experime
setup and re

[ SR

Tar saturator — N, as carrier gas
saturated with naphthalene

Foie 15
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Experimental Setup — Furnace and ceramic ho

I . - 3

Emmme e,
WOMmMe

Up to 1000°C

Foie 16
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using for fuel cell

L "

Stamp

Cathode flow channels

Gold meshes
Fuel cell
Nickel meshes

Anode flow channels
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Open circuit voltage in different temperatures

750°C

I Inclusion of tar |

* Naphthalene has a negative effect on
voltage of SOFC at lower temperature
* Negetive effects could be recovered once

|
u a
L 0,930 | : naphthalene is removed
20920 ; ; * Probable reasons for oscilation of voltage:
: 2 : : - Unstability of water humidifier and tar
st 0,910 . . humidifier
i | - Possible condense of naphthalene in the
0,900 pipeline
0 500 1000 1500 2000 2500 3000 3500
L Time [s]
900°C
0,920 : Inclusion of tar | :
0,910 | |
0,900 | -
Flow rate [ml/min] 600 > : !
= 1 I
” H, N, H,0 CyoHg = 0690 . |
Gas composition 0.880 . !
35% | 35% | 30% 5g/Nm?3 ’ ! !
Temperature [°C] 750, 800, 850, 900 0,870 : '
- 0 500 1000 1500 2000 2500 3000 3500
Last Open circuit ,
Time [s]
Foie 17
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Comparison with theoretical Nernst voltage

Diagrammtitel
0,97 o
e~ -
096 | —=~170 4mv
0,95 R
Experimental 20,94 kS - - & -theoretical voltage full reforming
setup and results 5 < :\\ - _ _
5093 J ~ el - o -theoretical voltage no reforming
| 0,92 — IR measured voltage with tar
’ 4 mV \\ “~¢  —e—measured voltage without tar
] 0,91 3mV e
2mV
0,9 | ——%
750 800 850 900| 3 mV
Achsentitel
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* Afull reforming of Naphthalene could lead to a voltage increase of 4 mV theoretically
* Naphthalene conbribute more to voltage at higher temperature

* Naphthalene was not reformed completely

* 30-40 mV difference to theoretical Nernst voltage due to gas leaking

Foie 18
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Numerical model description and setups

3-dimensional planar SOFC
Dimensions: 40*40 mm?

Numerical setup
and results

Validation of the SOFC model with

ER

e Simplification:
One channel for fuel gas / air flow
Current collectors modeled as porous area

Air channel
(1 mm)

. Porous cathode
- current collector
| (0.7 mm)

Porous cathode
(0.03 mm)

Porous anode
current collector
(0.7mm)

Porous anode
(0.03 mm)

Fuel channel
(1 mm)

s
1
1
| - rin
fuel in airin \
\
1
1 \\
0,9 \‘
=08 \
£ 9,7 \
g 7 \“
0,6 \
‘\
0,5 \
0 200 400 600 \
Current density [mA/cm?]
data from Kerafol fuel cell
——characteristic line —e—simulation
Cathode: 1 I/min air
Folie 20
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Numerical model description and setups

* Assumption:
Only electrochemical reaction of H, considered

2 species reaction considered: only in area where Ni exists
| (anode, Nickel meshes)

C,oHg + 10H,0 & 10C0 + 14H,

CO+H20(—)H2 +C02

Numencal setup
and results

everywhere where CO

- 2 kinetic approaches of steam reforming used and H,0 exist l.
’ | 1: LHHW type
_Aew(g s T) ooty
1+K,- exp(T) * C¢yoHg
2: Power law type
r=A- exp(—; CCel by CHY

R-T

Foie 21
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i Presentation Flow rate [ml/min] 600
", H2 N2 HZO C10H8
C,oHg mole fraction Gas composition
35% | 35% | 30% | 5g/Nm3
8.7e-04
‘ Temperature [°C] 850
- 7.5e-04 .
{ i Open circuit
- 6.2e-04 1
{ ' 5.0e-04 ,
-_ C,,Hg mole fraction on
{ | 3.7e-04 anode/electrolyte interface
- 2.5¢-04 (half part) and crosssection |
| 1 26-04 of anode gas area
I LHHW type N —
™ 0.0e+00

C,oHg mole fraction

* LHHW type: C,,Hs is not 8 70-04

completely reformed

(conversion rate: 89.8%) | | "¢ |
* Power law type: C,,Hs is - 6.2¢-04
quickly and completely ' 5.00-04
reformed 37004 |
| 2.5¢-04 |
I 1.2e-04
Y 0.0e+00 Power law type
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i Presentation Flow rate [ml/min] 600

Temperature ) H, N, H,0 CyoHs
850 Gas composition
849 35% | 35% | 30% 5g/Nm3
848 Temperature [°C] 850
847 Open circuit
846
845 Temperature on several

crosssections of cathode
and anode gas area

841
’ °C] LHHW type
* LHHW type: Distribution of ~ 'ooec
temperature more even 849
* Power law type: a quick 848
local temperature drop of 847
9C 846

Folie 23 841

[}
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Nernst voltage along the symmetry line on

the anode/electrolyte interface

Flow rate [ml/min] 600
", H2 N2 HZO C10H8
Gas composition
35% | 35% | 30% 5g/Nm3
Temperature [°C] 850
Last Open circuit

0,94

Theor. Nernst voltage full reforming

e

O 938  _—

17

O 934

Numencal setup
and results

| 0,932

0,93
0 1 2
Fuel cell length [cm]

3

N\

Theor. Nernst voltage no reforming

4

—Power law type
—LHHW type

* The resulting ocv of two different kinetic types only varies in couple mV's
* Using LHHW type to simulate the closed circuit condition

Folie 24
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H, mole fraction

0.358

Flow rate [ml/min] 600
iy H2 N2 HZO C10H8
Gas composition
35% | 35% | 30% 5g/Nm3
Temperature [°C] 850
Kinetic approach LHHW type

0.348

200 mA/cm?

* H, is quickly consumed
due to electrochemical
reaction

* More H, depleted in the 0.348
anode and Ni meshes
area as a result of
diffusive transport
limitations in porous region

H, mole fraction
0.358

0.337

0.327

0.316
Folie 29

H, mole fraction on

anode/electrolyte interface
(half part) and crosssection

of anode gas area

Open circuit condition
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Flow rate [ml/min] 600
iy I-|2 N2 HZO C10H8
Gas composition
35% | 35% | 30% 5g/Nm3
Temperature [°C] 850
\ Polarisation curve Kinetic approach LHHW type
| 1 5
4_
0,8 4
Numerical setup =.0,6 — 3=
and results fgfv 3,
3 =
\ | S 0,4 20
0,2 1
0 0
0 100 200 300 400
Current density [mA/cm2]
* Further validation required
Folie 20

Department Chemie- und Bioingenieurwesen (CBI) e Lehrstuhl fir Energieverfahrenstechnik e Prof. Dr.-Ing. Jirgen Karl

www.evt.tf.fau.de




n Presentation

1 « Motivation

* Research background
* Theoretical basics
* Aim of the project

2 . Numerical modeling of tar conversion on SOFCs

* Kinetic approaches
* SOFC Fuel Cell With Unresolved Electrolyte Model

3. Experimental setup and results

* Single cell test station and cell housing
* Effect of naphthalene on SOFC at open circuit condition

4. Numerical setup and results

e Comparison between different kinetic approaches
* Comparison between open and closed conditions

5. Conclusion

Department Chemie- und Bioingenieurwesen (CBI) e Lehrstuhl fiir Energieverfahrenstechnik e Prof. Dr.-Ing. Jiirgen Karl

TECHNISCHE FAKLILTAT

www.evt.tf.fau.de



n Presentation -y

FRIEDRICH-ALEXANDER
— UNIVERSITAT _
- e ERLANGEN-NURNBERG

Conclusion

’ 1. Preliminary work of investigating the effect of naphthalene as model tar on
| SOFC has been done

* Steam reforming of naphthalene contributes to an increase of ocv at higher
| temperatures (>800°C)

* The LHHW type of kinetic approach is more plausible to represent the fate of |
naphthalene on SOFC anodes

Conclusi . . : .
* The electrochemical reaction overweights the naphthalene steam reforming at |
closed circuit condition

2. Further study needed to:
* Investigate the conversion of naphthalene on SOFC

* Validate the model

Folie 28
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Thanks for attention!
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Nernst voltage
hfuel ’ A1‘G(T,p) 7;‘fuel ’ A1‘G(T,p) A1‘G(T,p)
UN = = - = -
I Nep * F z-F
1/2
AGry R-T-InQ MGy R -T.ln( Do Py’
z-F z-F z-F zZ-F PH, " D ,1/2
2,cathode

When all gas components are in equilibrium -

R-T
UN _ ln(poz,cathode)
Zo, * F Po,,anode
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Polarisation

The potential field has a “jump" condition applied to the two sides of the wall/wall-shadow faces
¢jump

1 4 II..EIAMDEH
' theoretical potentlal (1.23V) '\. :fﬁ“““““
|
1.2 4 T LR '
equilibrium pdtenhal at actual T P.C A :
< 1 \\' " activation pnlarlmnnn Insses
E D_B-._.'-.---:-L‘:""-\-.,_::-—_--.-”_”ﬂ; ___________ . __.E_;_.__.; ...... ._;. ...................
E E';—--____
8 05 o Onmiclosses, |
= “concentration m_w
i DC}IaI ization Iuaseo —_
1 e b e e
: - S
: : N
02 4o Ectual DDJaI’lZElT.I{i[I ocunie. <. R TR
) |
0 . . .
0 500 1000 1500 2000 |
current density (mA/cm?) ]

Nernst voltage

Butler-Volmer equation:

[ = iOeff c [e
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= Onernst — Nele — Nact,a — Nact,c
- gCtivation overpotential of electrodes
» ohmic overpotential of the electrolyte
Gbcenn = ¢jump —Ns
» ohmic loss in the solid conducting regions
AaNMgctF acigctF ]
RT —e RT
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n Presentation

Material Properties

Electrochemical properties

anode exchange current density

1500 A m?

cathode exchange current density

512 Am?

m

FRIEDRICH-ALEXANDER

UNIVERSITAT _
ERLANGEN-MURNBERG

Material properties

Electrical properties

Anode conductivity

3.33:105 (ohm m)"!

Cathode conductivity

7937 (ohm m)-*

Current collector conductivity

1.5-107 (ohm m)!

Anode contact resistance 1-10-" ohm m?
Cathode contact resistance 1-10-8 ohm m?
Electrolyte resistivity 0.1 ohmm

Material properties for gas mixture

Density

incompressible ideal gas

Specific heat capacity

mixing law

thermal conductivity

ideal gas mixing law

viscosity

ideal gas mixing law

thermal diffusion coefficient

kinetic theory

Anode
Density 6200 kg m-3
Specific heat capacity 650 J kg! K-
Thermal conductivity 10 W m-! K-
Porosity 0.45
Tortuosity 4.5
Cathode
Density 6000 kg m-3
Specific heat capacity 900 J kg! K-
Thermal conductivity 11 W m K
Porosity 0.35
Tortuosity 4.5
Anode-cc
Density 8900 kg m-3
Specific heat capacity 446 kg K-
Thermal conductivity 91 Wm' K-
Porosity 04
Tortuosity 1.5
Cathode-cc
Density 21200 kg m-3
Specific heat capacity 140 kg! K1
Thermal conductivity 72 W m K-
Porosity 0.856
Tortuosity 1.5
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