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Abstract

Fuel cells provide great potential for electric pemwgeneration on-board
ships. Ships use marine diesel fuel for marine raaithauxiliary engines
In this work, this paper presents the performancalysis of a planar solid-
oxide fuel cell (SOFC) under reformed diesel fieldetailed solid-oxide
fuel cell model is used to study the influencesvafious operating
parameters on cell performance. Significant diffexes in efficiency and
power density are observed for isothermal operatioregimes. In the
model, electrochemical kinetics, gas dynamics gedies are coupled. The
model predicts polarization curve, velocity and @pe concentration and
current distribution in the cell depending on fumdll temperature and
electrodes/ electrolyte materials used in the comepds
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YAKIT DONU STURUCUDE
DONUSTURULMU S DIZEL YAKIT iLE
CALI SAN KATI OKS ITLT YAKIT P iLiNiN
MODELLEME CALI SMASI

Ozetce

Yakit pilleri, gemilerde elektrik giicti Uretimi iciplylk bir potansiyel
sagglamaktadir. Gemiler, ana ve yardimci makinalarinigeniz tipi dizel
yakit kullanmaktadir. Bu calnada, yakit dongitrictide dongtirtlmds
dizel yakiti ile cakan dizlemsel tip kati oksitli yakit pilinin perfcans
analizi sunulngtur. Detayh bir kati oksitli yakit pili modeli, gi#li i sletme
parametrelerinin hiicre performansi Uzerindeki etkili calymak icin
kullanilmstir. /zotermal calkma rejimleri icin verim ve giic yainlusunda
onemli farklar gézlemlengtir. Modelde elektrokimyasal kinetikler, gaz
dinamgi ve maddeler birlgtirilmigstir. Model, yakit pili sicakffina ve
bilesenlerde kullanilan elektrod/elektrolit malzemelerinbasli olarak
polarizasyon grisini, hizi, madde konsantrasyonlarini ve akingitianini
tahmin etmektedir.

Keywords: Solid oxide fuel cell, Fuel cell modeling, Diesakf

1. Introduction

Fuel cells are electrochemical devices that contiest chemical energy
stored in a fuel directly into electrical power li8@xide fuel cell (SOFC) is

considered as one of the most promising energyarsion device and as an
alternative of existing power generation systenfSFSs operate at high
temperatures from 600 to 100C to ensure sufficient ion conductivity
through their electrolytes which are nonconductoelectrons.
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Main SOFC components include air channel, cathetestrolyte, anode,
fuel channel, and interconnects. The most commotenmass used for the
SOFC cell components are oxide ion conducting aytstabilized zirconia
(YSZ) for the electrolyte, strontium-doped lanthanmanganite (LSM) for
the cathode, and nickel/YSZ for the anode.

During fuel cell operation, oxidant gas (oxygenam) at the cathode side
receives electrons to form oxygen ions that migtateugh the electrolyte
to the electrolyte/anode interface. Fuel gasrieh gas) simultaneously fed
at the anode side reacts with the oxygen ions toerg¢e steam and
electrons. The electron flow in the external citrdoom the anode to the
cathode produces direct-current electricity.

In general, a SOFC can have either a planar ordulmonfiguration. The

planar design has recently received much attergioge it is simpler to

fabricate and more flexible in terms of cell geompelhis decreases the
ohmic resistance and makes the design better slatenperation at lower

temperatures (873-1073 K); the system is referoedst an ‘intermediate-
temperature solid oxide fuel cell’ (IT-SOFC).

SOFCs can be operated on many different fuels. Mioidel describes a unit
running on reformed marine diesel fuel.

Nowadays, three basic designs are studied; thegat®de-, electrolyte-
and anode-supported designs. The latter desigrbéas considered to be
better than any other designs because it can @patabwer temperature
and the highest performance can be achieved [2].

SOFC system involves multiphysics phenomena, imetuthe mass balance
of diffusion and adsorption of the gases; the ebmit/ionic current balance
of the interconnects/ current collectors, the etelds and the electrolyte;
the heat transfer and energy balance; and the@teeimical charge transfer
reactions.
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This model studies the current density distribufiom solid oxide fuel cell
(SOFC). It includes the full coupling between thass balances at the
anode and cathode, the momentum balances in thehgemels, the gas
flow in the porous electrodes, the balance of tméci current carried by the
oxide ion, and an electronic current balance.

2. Electrochemical Reactions

It is useful to recall the electrochemical procsssking place in the solid
oxide fuel cell as illustrated in Figure-1 to beginlding an electrochemical
model [3]. As shown, fuel and air are admittedhe tell separately. Due to
the chemical affinity hydrogen and oxygen havedoe another, they are
drawn towards the electrodes, diffuse through threys electrode structure
to the electrode/ electrolyte interface and are odmixl. At the
cathode/electrolyte interface, the oxygen is redumg incoming electrons
to produce oxygen anions which are conducted thrahg solid electrolyte
to the anode/electrolyte interface where they edebemically combine
with adsorbed hydrogen to form water vapor andassgehe electron charge
to the external circuit. Because the potentialhef ¢lectrons released at the
anode is greater than that of the electrons taleiythe oxygen at the
cathode, the cell delivers net power as electricity
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Fuel Channel 2H, 2H.O

Anode (Ni-YSZ) \ /.',,.). ......... "

Electrolyte (YSZ) 200

F

Cathode (LaMnOy)

Air Channel

Fig.1.Schematic of electrochemical reactions

At the triple phase boundary (TPB) of cathode/etdgte/air, if that is
where the incorporation of oxygen into the elegti®bccurs,

%OZ +2e - O (1)
CO+0™ - CO, +2¢e (2)

Although direct oxidation of CO and hydrocarbons Mihbased anodes
have been demonstrated, these reactions are mowtersthan hydrogen
oxidation, thus it is usually assumed that theyndb react directly on the
TPB, but they contribute to the overall reactionpgogducing H. However,
this reaction is neglected as carbon monoxide dxidaon SOFC anodes
has been shown to be 2-5 times slower than thaydfogen, making the
competing and faster water gas shift reaction tireidant reaction pathway
for the consumption of carbon monoxide. Therefordhe present paper, no
direct CO and hydrocarbon oxidation is assumed. é¥@w it should be
stressed that a recent study of Andreassi et ahodstrated that, under
certain operating conditions, ignoring direct oxida of CO can lead to a
significant underestimation of the voltage [4].
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After oxygen ions transfer from the cathode sidé¢ht anode side through
the electrolyte, the following reaction occurs ahet TPB of
anode/electrolyte/fuel:

H,+O" - H,0+2e (3)
1
H2+§O2 - H,0 4)

3. Mathematical model

An SOFC is constructed with two porous electrodéb an electrolyte in
the middle. The fuel feed in the cathode and arisdsunter-flow, with
hydrogen-rich anode gas entering from the left. finedel includes the
following processes:

*Electronic charge balance

elonic charge balance

*Butler-Volmer charge transfer kinetics

*Flow distribution in gas channels

*Flow in the porous electrodes

*Mass balances in gas phase in both gas chanree|soaous electrodes

3.1 Charge Balances

The electronic charge balance in the anode an@datturrent feeders is
given by

0(- k,00 =0 (5)

electronic)
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where k, denotes the electronic conductivity of the curfeeter and is its
electronic potential.

Similarly, the ionic charge balance, valid in tbaic conductor is

D'(_/(Zl:Jq)ionic)zo (6)
wherek, is the ionic conductivity and is the ionic potehtia

In the anode and cathode electrodes, electrongrarsferred between the
ionic conducting electrolyte phase and the eleatadly conducting phase.
This implies that the charge balance equations ltaveent source terms
present as:

D'(_ Klqu)electronic) = Sa I ict (7)
O0(-x,00,,.)=S,i (8)

a*ict

where S,.ii¢t denotes the specific surface a®atimes the charge transfer
current reaction density:.

Butler-Volmer charge transfer kinetics describe tharge transfer current
density. At the anode, hydrogen is reduced to faater, and the following
charge transfer kinetics equation thus applies:

i =i X L exr{ﬁqj—ex _Oi”j (9)
a,ct 0,a"'*h2 Chzyref RT RT

) O5F C, - 05F
=i_lexg——n|—X ex 10
c,ct 0,Cc l: F( RT ”j 02 Cozyref F( RT ,7):| ( )

whereigcis the cathode exchange current density @Vrand x,; is the
molar fraction of oxygen. The overvoltage is defimead
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7= P grearonic = Pionic ~APeq (11)
Na = Petectronic ™ Pionic ~AP g4 (12)
e = P iecuonic ~ Pionic ~AP eqc (13)
Vet =AP . —AD . =V (14)

whereV, is the polarization.

3.2 Multicomponent Transport

This model describes a unit running on hydrogeh gas reformed diesel
fuel and air. At the anode, the gas consists & tlemponents: hydrogen,
water vapor, carbon monoxide, carbon dioxide at@agen. In the cathode,
the gas consists of two components: oxygen andgtr.

Fick’s law is based upon the assumption that speatigsolved in a solution
or gas stream interact only with the solvent ordagier gas. The diffusion
coefficients describing such interactions are imahglent of concentration.
Yet, in concentrated solutions or gas mixtures,reelative concentrations
are of the same order of magnitude, all speciesant with each other and
themselves. Their diffusion coefficients are theref species and
concentration dependent, and can also depend gretature and pressure.

Mass transport equation:

9 (pw)+ 04, + pegu) = R (15)
ot
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Above, J describes the diffusion-driven transport, as oatliby [5]. This
transport is a function of temperature and a diffiual driving force ¢

j :(— DiTDInT)—piiﬁijdj (16)
j=1

%‘*D-(pw.u‘p .zﬁij(mxi +(Xj @, )@]‘DiTm.l.—Tj =R@17)
j P

the species molar fractionj,>and its gradient can be expressed in terms of
the mass fractions;:

X =—bL M (18)

M2 &1 1 1
Ox. =— ) | —+w|—-—1|0 19
X, M) j:l{l\/l a)k(Mk Mﬂ 28 (19)

This all implies that the only dependent variabléhe application mode is
the mass fractiom, while the temperature field, the pressure fielgh, and
the velocity, u, are obtained in combination witlesyy, momentum, and
continuity equations.

z w =1 (20)
The final species is solved through the fact that:

n-1
w,=10-> w (21)
i=1
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In the stationary case, the mass balance is goddryie

D{wipu - pw, Zk:DNij {Mﬂ(mwj +Ww, %} + (xj -w, )D—ppD =R (22)

= j

where represents the ij component of the multicamepo Fick diffusivity,
which is calculated from the Maxwell-Stefan diffuisies, Dij (nf/s), p is
the density of the fluid (kg/f, p the pressure (Pa), andifthe reaction
source term for species i (kgira), and xthe molar fraction of species |.
The average molecular weight is calculated as:

M =3 xM, (23)
As an example, the component in a ternary systegiven by:

2

@(w+w), w@+w) o

D.. = %Dos ;D X3Dy,
12 X X
14 2

D),D15 Di;Dys DysDyg

(24)

The Maxwell-Stefan diffusivities can be describethvan empirical
equation based on the kinetic gas theory:

1/2
_ T 1 1
Dij =k ( 3 N 1/3)2 |:|\/|_ +|\/|_:| (25)
[O\" Vj i

wherek is a constant with the value 3.16:1@a-nf/s, T is the temperature
expressed in kelvinp denotes the pressure (Pa), equals the molar
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diffusion volume of specigsexpressed in ffmol, andM; is the molar mass
of species expressed in kg/mol. The molar diffusion volumes given in
Table 1 [6].
Table 1
Diffusion volumes

Species | Diffusion
Volume
(m*/mol)
H, 6.12.10°
N, 18.5.10°
O, 16.3.10°
cO 18.0.10
CO, 26.9.10°
H,O 13.1.10

Assume the gas to be ideal, so that that the gesgjiven by

p.M
=— 26
P RT (26)

In the open channels, set the reaction source termero. However, in the
electrodes, the source term is given by the elelsmical reaction rate. It is
calculated from the charge transfer current derettyording to Faraday’s
law

_ ict,i'vli 27
R VT (27)

wherev; is the stoichiometric coefficient amgis the number of electrons in
the reaction. The boundary conditions at the wallshe gas channel and
electrode are zero mass flux (insulating conditioA} the inlet, the
composition is specified, while the outlet conditis convective flux. This
assumption means that the convective term domin#tes transport
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perpendicular to this boundary. Continuity in cosiion and flux apply for
all mass balances at the interfaces between the@des and the channels.

3.3 Momentum transport

To model the flow profile in the gas channels dmegorous electrodes, The
Weakly Compressible Navier-Stokes equation was eyepl.

0p _
5?+Dyuo_o (28)

p% +pulu=-0Op+ D{/](Du +(0u)’ )—@/] - Kdvj(D.u)I j +F (29)

The stress tensor used in Equation 27 describeswadNian fluid, with an
added ternxg,. This term expresses the deviation from Stokestaption,

which states that the fluid particles are in thedgmamic equilibrium with
their neighbors. It is very rare that a fluid shavsignificant deviation from
Stokes’ assumption, and, is therefore by default set to zero.

An important dimensionless number in fluid dynamgshe Mach number,
Ma, defined by

|uf
a

Ma = (30)

wherea is the speed of sound.

A flow is formally incompressible when Ma = 0. This theoretically
achieved by letting the speed of sound tend tanityti The Navier-Stokes
equations will then have the numerical property theisturbance anywhere
in the computational domain will instantaneouslyespl to the entire
domain. This results in a parabolic equation system
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3.3.1 Gas-flow in the gas channels

The weakly compressible Navier-Stokes equationggothe flow in the
open channels:

O(pu)=0 (31)

pud)u= D{— pl +/7[(Du + (Du)T)—g(D.u)l ﬂ (32)

3.3.2 Gas-flow in the porous electrodes

The porous nature inhibits the diffusion rate tlglouthe media. The
inhibition must be related to two factors: Porosatyd tortuosity. At zero
porosity (i.e., a complete solid), the effectivesgénase diffusivity must be
zero. At a porosity of 1 (i.e., an open volume with solid), the effective
diffusivity must equal the bulk value.

£= a (33)

where \4 is open volume, Vis solid volume.

Tortuosity is a measure of the effective averagi pangth though the
porous media compared to the linear path lengtbsacthe media in the
direction of transport. The more tortuous the p#the, longer the effective
path length through the media, and the greaterctexuin the effective

diffusivity, as illustrated in Figure 2 [7]. Thefettive diffusivity for gas-

phase flow in porous media can be written as

Dy =D— (34)
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whereDey is the effective bulk gas-phase diffusivity in {h@rous media

is the porosity (void volume fraction), is the diffusivity in gas, andis the
tortuosity. Since tortuosity is a difficult parareetto estimate except
through direct experiment, a Bruggeman correlat®ooften used for fuel
cell studies. This relationship assumés proportional tas ©, resulting in
the simpler expression

D, =D;&™ (35)

The permeability of the porous medium?fncan be found in [8].

83 d2

K= T (36)
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Actual molecular path

Porous media

s
{a)

Actual molecular path

Porous medid

{b)
Fig.2. lllustration of porous media with)(low and p) high tortuosity. The
Brinkman equations describe flows in porous med@, which the
momentum transport within the fluid due to sheagsstes is of importance.
This mathematical model extends Darcy’s law to udel a term that
accounts for the viscous transport in the momenbatance, and it treats
both the pressure and the flow velocity vectomaependent variables.

The flow is governed by a combination of the comtyn equation and
momentum balance equation

2 (e0)+0)=0Q 37)
O(ou)=Q (38)
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£@+(2+qu

£ ot K

- D{— pl +%{I7(Du + (DU)T)_E” —Kdvj(D.u)l H +F

(39)

where n and kg, denote, respectively, the dynamic and dilatational
viscosities of the fluid (both in kg/(i)), u is the velocity vector (m/g),is

the density of the fluid (kg/f, p is the pressure (Pa),is the porosityk is

the permeability of the porous mediumfmandQ is a mass source or mass
sink (kg/(nt-s)). Influence of gravity and other body forcesn che
accounted for via the force term F (kg/(g).

The mass sourceQ, accounts for mass deposit and mass creation in
subdomains and the mass exchange is assumed toabeeuwo velocity.

3.3.3 Model geometry and assumptions

A planar SOFC of counter-flow design was modelethwie dimensions

given in Figure 3 and 4. The cell is a typical asxstipported structure with
dimensions and materials according to those ohermediate- temperature
SOFC. A 120-kilowatt SOFC system with thermallyegptated diesel-fueled
reformer and SOFC sub-systems was evaluated. Palidés the results of

this evaluation [9].

Table 2

Inlet conditions
Fuel composition 30H/37HO /5 CO/
[molar fraction] 10CQ /18N
Air composition 210G,/ 79N
[molar fraction]
Fuel temperature [°C] 700
Air temperature [°C] 700
Operating pressure [Pa] 1.013 ¥ 10
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Fig.3. Front view of fuel cell

100

CURRENT COLLECTOR

AIR
CHANNEL

, M2

ELECTROLYTE

CATHODE], .,
m"}f ANODE
o — »  FUEL .
= CHANMEL
CozZNnz2 CURRENT COLLECTOR

Fig.4. Side view of fuel cell
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The specific electric conductivities of cell stuet are given in Table 3
together with the assumed materials [10,11,12,13,14

Table 3
Conductivities and materials assumed for cell camepts
Cell Material Conductivity
component
Anode Ni-YSZ 95108 ;{_115())
= ex
a -I- T
Cathode LSM 4210° -1200
(LaSrMn(Q) o, = T ex T
Electrolyte| 8YSZ -
4 o, = 33410" ex;{ 10300)
Current Stainless steel 9310° -1100
collectors | (X10CrAISi18) | 9i = T ex T

The presented model is based on the following aptans:

» Steady state conditions;
« Pressure drops along the gas channels are 1 Paatade, and 2 Pa
at the cathode.
* The cell structure is thin and its temperatureasibgeneous in each
volume element
« Gas flow is evenly distributed between the channels
» Cell voltage is constant over the bipolar plates.
» All exterior walls are adiabatic.
* No radiated heat between the solid and the gaselan
* No contact resistance between individual cell congmbs.
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Table 4

Model input parameters

Component Value
Kiatot (S/n) 2,35.10"
Kanot (S/nT) 6,54. 16"
Exatot (kJ/mOl) 137
Eanot (KJ/mol) 140
Anode and Cathode Porosity, 0.30
Equilibrium voltage, anode 0
Aq)eqa ! (V)
Equilibrium voltage, cathode® .., | 0,9
V)
Initial cell polarization, 0,05
Vpol: (V)
Anode specific surface area, 1.10°
S, a, (1/m)
Cathode specific surface area, § 1,1.10
(1/m)
Anode spherical particulate diameter,2,5.10°
dp (M)
Cathode spherical particulate 2,5.10°
diameter, d(m)

4. Methods of solution

The governing equations that model a SOFC are yigbh-linear
and self-coupled, which make it impossible to abtanalytically exact
solutions. Therefore, the equations must be solwedliscretization thus
converting them to a set of numerically solvablgebataic equations. The
appropriate solution algorithm to solve a systempatftial differential
equations strongly depends on the presence of émch and their
combinations.
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5. Results

Figure 5 and 6 shows the oxygen and nitrogen cdrat@n in the
cathode at a cell voltage of 0.5 V, respectiveliie Toxygen depletion is
substantial, which has implications on the reactaistribution at the
cathode.

Voo W=0.8 Shce: M fraction, wi ! 0233

M 00128

Fig.5. Oxygen distribution in the cathode at 0.6ell voltage.
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V_ paK3)=0.8 Sice: Mas facton wi Ma: 1013

x1=3

Fig.6. Nitrogen distribution in cathode at 0.5 \l e®ltage.

V. po@)=0.8  Shoe; Mass Sacton, wi Max: 00331
x1=3

o018

M A01AT

Fig.7. Hydrogen distribution in the anode at 0.6ell voltage.
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V_pail9)=08  Shee: Mas EBaction, w2 P 0368

M0 0316

Fig.8. HO distribution in the anode at 0.5 V cell voltage.

V_pa(9)=0.8  Sice: Max Faction, w3 Mac: 00773

Fig.9. CO distribution in the anode at 0.5 V cealltage.
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V po9)=0.8 Sice: Mass Facton, wé Maxc: 0243

0235

oz

Q215

021

Min: 0206

Fig.10. CQ distribution in the anode at 0.5 V cell voltage.
V_ paK3)=0.8 Skce: Mas faction wi Ma: 0396
x1=3

0.

035

034

a3

03

023
Mg 0278

Fig.11. Nitrogen distribution in the anode at 0.5/l voltage.
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V_poi)=08  Shoe xvelndty [ays] Max: 0480

F qaz

Fig.12. Velocity distribution in the anode at 0.5c¥ll voltage.

Figure 13 shows the voltage as a function of thal twurrent (polarization
curve). The effect of operating temperature andutsity of the porous
layers on the performance of an anode-supportedS®Bhown in Fig. 14
and Fig. 15, respectively.
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Fig.13. Polarization curve
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Fig.14. Effect of operating temperature on the granfince of an SOFC.
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V_cell [V] versusj_ec
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Fig.15. Effect of porosity on the performance ofSdFC.
A consequence of the concentration distributiainag the current density

will be nonuniform in the electrodes. Figure 16 idepthe current density
distribution at the cathode side of the ionic cartdu
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MNormal current density [A,l’mz] Max: 1.435e4
wnt
0.05 e
0.04 {rise
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* Min: -2867.197

Fig.16. The current density in the unit cell opiegiat 0.5 V
Figure 17 shows the power output as a functiomefcurrent density. The

model predicts a maximum power-output of 325 Wion the at 700 A/h
for unit cell.
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P_out versus j_ec
350 T T T T

| et T T R R (I COPUSEIT, DR T S
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jec

Fig.17. Power output as a function of current dgnsi

1000 1200 1400

Figure 18 shows the power output as a functionhef ¢ell voltage. The

model predicts a maximum power-output of 325 W/mQ@,a V for the unit
cell.

P_out versus V_cell [v]
350 T T T T

250 ferii

150 7

100 -

50 :
0.1 0.2 03 0.4 05

v_cell [v]

Fig.18. Power output as a function of cell voltage.

0.6 0.7 08 0.9
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6. Conclusions

In this paper, a 3D steady-state model of an asopported planar solid
oxide fuel cell (SOFC) was presented. The finitenent commercial
package, COMSOL 3.5, was used to solve a set adrgovg equations. The
mathematical analysis has been developed by usiitg €lement method,
experimental data from literature, and solving th@verning equations
numerically to predict SOFC performances with ddfdg operating
conditions and with different material properties.

Given a cell geometry, the performance of a SOFahgty depends on the
operating conditions and the inlet fuel compositi®nce SOFCs offer a
wide range of operating possibilities, identifyitige effect of operating
conditions such as air flow rate and inlet fuel pasition on the efficiency
and power density are critical for optimal openatad SOFCs.

As a consequence of oxygen depletion, the currensity distribution is
poor, with most of the current produced close te tathode inlet. In
addition, the current collector’s position is desel; which corresponds to a
slightly increased current density on its edgess feans that the cell is not
used optimally. One way to improve the operatingditions is to increase
the cathode flow rate, thus improving the oxygerssraansport.

It is seen increasing the porosity of the porougers and temperature
increases the performance of an anode-supporte€ $@Formance.
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