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Abstract

Mathematical modelling is an essential tool for the design of solid oxide fuel cells (SOFCs). The present paper aims to report on the
development of a dynamic anode-supported intermediate temperature direct internal reforming planar solid oxide fuel cell stack model, tha
allows for both co-flow and counter-flow operation. The developed model consists of mass and energy balances, and an electrochemic:
model that relates the fuel and air gas composition and temperature to voltage, current density, and other relevant fuel cell variables. Th
electrochemical performance of the cell is analysed for several temperatures and fuel utilisations, by means of the voltage and power densii
versus current density curves. The steady-state performance of the cell and the impact of changes in fuel and air inlet temperatures, fu
utilisation, average current density, and flow configuration are studied. For a co-flow SOFC operating on a 10% pre-reformed methane fue
mixture with 75% fuel utilisation, inlet fuel and air temperatures of 1023 K, average current density of 0:5 fecw an air ratio of 8.5, an
output voltage of 0.66 V with a power density of 0.33 W¢nand a fuel efficiency of 47%, are predicted. It was found that cathode activation
overpotentials represent the major source of voltage loss, followed by anode activation overpotentials and ohmic losses. For the same operati
conditions, SOFC operation under counter-flow of the fuel and air gas streams has been shown to lead to steep temperature gradients a
uneven current density distributions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction bons as fuel, and air (or oxygen) as oxidant. In the cell,
the oxygen ions formed at the cathode migrate through the
Solid oxide fuel cells (SOFCs) are energy conversion ion-conducting electrolyte to the anode/electrolyte interface
devices that produce electricity and heat directly from a where they react with the hydrogen and carbon monoxide
gaseous or gasified fuel by electrochemical combination of contained in (and/or produced by) the fuel, producing wa-
that fuel with an oxidant. A SOFC consists of an intercon- ter and carbon dioxide while releasing electrons that flow
nect structure and a three-layer region composed of two ce-via an external circuit to the cathode/electrolyte interfd¢e
ramic electrodes, anode and cathode, separated by a densén oxygen chemical potential gradient is formed across the
ceramic electrolyte (often referred to as the PEN—Positive- electrolyte by burning fuel with oxygen on the anode, while
electrode/Electrolyte/Negative-electrode@FCs operate at  leaving the cathode exposed to abundant atmospheric oxy-
high temperatures and atmospheric or elevated pressuresgen.
and can use hydrogen, carbon monoxide, and hydrocar- While conventional high-temperature SOFCs generally
operate between 1073 and 1273K, a number of research
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Nomenclature

ASR area specific resistanc@ (n?)

Cp specific heat capacity of the gas streams, PE
structure, and interconnect (kJigK —1)

Ci molar concentration of componér{tnol m—3)

dn hydraulic diameter of a rectangular cross

section gas channel (m)

Douik.; bulk diffusivity coefficient (nfs™1)

Deft electrode €lectrode effective diffusivity coefficient
(m?s™h)

Dknudseni Knudsen diffusivity coefficient (fs™1)

Dmoleculari mMolecular diffusivity coefficient for com-
ponenti (m?s™1)

D. axial diffusion coefficient (rAs™1)

Ea activation energy (kJ mof)

Eelectrode activation energy of the exchange currentde
sity (kJmot1)

F Faraday’s constant (C not)

Fair molar flow rate of the air stream (mot¥)

Fruer  molar flow rate of the fuel stream (mot¥)

ha air channel height (m)

hy fuel channel height (m)

J,J average and local current density (AR)

jo.electrode €Xchange current density (ATR)

kai, kapen air channel heat transfer coefficien
(kIm2s 1K1y (Table 4

kelectrode Pre-exponential factor of the exchange curre
density (AnT2)

ki1, kipen fuel channel heat transfer coefficien
(kIm2s 1K1y (Table 4

kn equilibrium constant for hydrogen adsorptio
(Table 3

ks equilibrium constant for steam adsorptio
(Table 3

ko pre-exponential constantgble 3

L system length (m)

LHV  lower heating value

n number of electrons participating in the eleg
trochemical reaction

Nu Nusselt number

P pressure (bar)

Pe Peclet numbePe= ul/D,

pi partial pressure of componeirin relevant gas
channel (bar)

p:. e partial pressure of componetatt relevantthree
phase boundary (bar)

Psorc power density (W m?)

Re rate of reactiork (molm—2s™1)

Ronm  total cell resistance, including both ionic an
electronic resistance§(m?)

R gas constant (kJ mot K1)

t time (s)

EN

=

=

T temperature (K)

Ua air velocity (ms™1)

Ut fuel velocity (ms'1)

U potential (V)

UCCP  open-circuit potential (OCP) (V)

Uﬂz OCP for standard temperature and pressure g
pure reactants for thetbxidation reaction (V)

Uriel  fuel utilisation factor

W system width (m)

X axial coordinate (m)

Vi molar fraction of componerit

¥ molar fraction of componeritat inlet

Greek letters

o transfer coefficient

B1, B2 methane and steam order of reactidalfle 3

B3
adsorption Table 3

(—AH); enthalpy change of reactidn(kJ mol1)

€ emissivity

Aair air ratio

Aas M, Apens A1 thermal conductivity of the gas
streams, PEN structure, and interconne

(kImls1ik1
€p electrode porosity

esorc fuel cell efficiency
Nact activation overpotential losses (V)
neconc  total concentration overpotential losses (V)

Nconcelectrode CONCeNtration overpotential losses (V)

o Stefan—Boltzmann constant (WThK —4)

Oanode Ocathode €lectronic conductivity of the anode an
cathode 1 m™1)

Oelectrolyte 10NIC ~ conductivity  of
@ *tm

Pas Pf, PPEN, o1 density of the gas streams, PEN stru
ture, and interconnect (kgm)

Tanode Tcathode thickness (m)

Telectrolyte TPEN: T1 Ttortuosity tOrtuosity

Vik stoichiometric coefficient of componeirih re-
actionk

the electrolyte

Superscripts

0 feed conditions (fuel and air channel inlet)
Subscripts

a air channel
act activation
conc  concentration
f fuel channel

i component

| interconnect

k reaction

Ohm  Ohmic

PEN PEN structure

three-phase boundary

number of surface sites required for methane

and

)
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between 823 and 1073K, allowing for a wider range of 40 to 70% of the total heat produced in a fuel cell. Thus,
materials and more cost-effective SOFC fabrication, par- internal reforming fuel cells eliminate the requirement for a
ticularly in relation to the interconnections and balance of separate fuel reformer, leading to a more attractive and effi-
plant (BoP). High-temperature SOFCs are generally all ce- cient system design; the requirement for cell cooling, which
ramic while intermediate temperature SOFCs are metal- is usually achieved by flowing excess air through the cath-
ceramic and use stainless steel interconnects instead of morede, is also significantly reducgtl,12] There are two main
expensive high-chrome alloys or oxides. A typical SOFC approaches to internal reforming within a fuel cell: indirect
electrolyte is yttria-stabilised zirconia (YSZ), an oxide ion orintegrated (IIR) and direct (DIR) internal reforming. In the
conductor at elevated temperatures. The anode is usually dirst approach, the reformer section is separate but adjacent to
nickel/zirconia cermet, which provides high electrochem- the fuel cell anode and in close thermal contact with it. In the
ical performance, good chemical stability, and low cost, latter approach, methane is fed directly into the cell and the
and the cathode a perovskite material, such as strontiumreforming takes place directly on the andd8g One advan-
doped lanthanum manganite, often mixed with YSZ in the tage of IIR is that the reformer and cell environments do not
form of a compositg2,3]. Two main SOFC designs are the have a direct physical effect on each other; however, the con-
electrolyte-supported and electrode-supported SOFC. In theversion of methane to hydrogen is not promoted to the same
former design, the electrolyte is the thickest component and extent as with direct internal reforming. For a DIR configu-
works as the support structure. Electrolyte-supported cells areration, part of the steam required for the reforming reaction
only suitable for high-temperature operation where the, of- can be obtained from the fuel cell electrochemical oxidation
ten large, ohmic losses can be reduced. Electrode-supportedf hydrogen and, because of the continuing consumption of
SOFCs have been developed in an attempt to minimise suchhydrogen, the equilibrium of the reforming reaction may be
ohmic losses under lower temperature operation, as in thefurther shifted to the right, increasing the methane conversion
case of IT-SOFCs. In these cells, one of the two electrodes[13] and leading to a more evenly distributed load of hydro-
is the thickest component and support structure, while the gen. However, the DIR approach requires an anode material
electrolyte is required to have high ionic conductivity and/or that possesses good catalytic properties for steam reforming
small thickness. However, it is usually observed that, despite as well as for effective generation of pow#R]. In a SOFC,
a low ohmic contribution, the area specific resistance of IT- the reforming may occur internally: it has been shown that
SOFCs may be larger than high-temperature SOFCs. Thisthe state-of-the-art SOFC nickel/zirconia cermet anodes can
is due to activation, and perhaps concentration overpoten-provide sufficient activity for the steam reforming and shift
tials, that can often outweigh the ohmic contribution. Thus, reactions without the need for any additional catalys®].
many of the recent efforts in fuel cell technology develop- A problem related to DIR is carbon deposition on the anode
ment have been devoted to reducing the thickness of criticaland subsequent electrocatalyst deactivation, leading to loss of
cell components while refining and improving the electrode cell performance and poor durability. The high steam/carbon
structure and electrolyte phase, with the aim of obtaining a ratio typically used in conventional steam reformers to sup-
higher and more stable electrochemical performance, while press carbon formation is unattractive as it lowers the elec-
lowering cos{4—6]. trical efficiency of the fuel cell by steam dilution of the fuel
Most fuel cells need to convert a hydrocarbon primary [14]. Hence, advanced anode materials that allow for direct
fuel into a hydrogen-rich gas required for the electrochem- internal reforming at low steam/carbon ratios could offer sig-
ical reaction on the anode side. One option for converting nificant benefits. A second problem, mostly related to high-
the hydrocarbon feed is to do it indirectly in a fuel process- temperature SOFCs, is the strong cooling effect caused by
ing system, such as an external catalytic steam reformer orthe highly endothermic reforming reaction that can gener-
partial oxidation reactof7,8]. In the most common case of ate large temperature gradients across the cell and limit the
a reformer, heat needs to be available to drive the steam re-amount of internal reforming allowed in practice. It has been
forming reaction. One method of achieving this is to feed shown that in high-temperature IR-SOFCs, all the methane
the exhaust gases from the anode and cathode into a burneis usually completely reformed within a small distance from
where the excess fuel is combusted. The heat generated ithe anode entrand&5-18] IT-SOFCs also offer significant
the burner can then be used to preheat both the steam and thadvantages in terms of internally reforming methane, as the
fuel, and provide the heat needed in the reformer. However, lower temperature naturally reduces the reforming reaction
a more elegant and efficient method of providing heat for re- rate, without the need for any catalyst modification or com-
forming in fuel cell systems is to carry out the reforming in plex cell design.
the cell stacK9,10]. Catalytic steam reforming of hydrocar- Mathematical modelling is an essential tool in the design
bons is typically performed between 1023 and 1173 K, and is of fuel cell systems, as it is important to understand the re-
thus compatible with SOFCs. These operate at high enoughsponse of a cell stack under normal or transient conditions.
temperatures for the endothermic steam reforming reactionSuch models can provide a picture of cell stress, potential,
to be carried out within the stack, giving rise to an internal current density, and temperature as functions of position and
reforming SOFC (IR-SOFC). Depending on the operating time, for various cell configurations and operating conditions,
conditions, the heat for the reforming reaction can vary from and be used to examine the effects of changes on one or
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more variables and the relative system sensitivity to relevant
design parameters. A model is also useful in predicting the
effects of altering process variables and in using that infor-
mation to optimise cell performance. The main aims of this
paper are to: present a dynamic model of a planar anode-
supported intermediate temperature SOFC stack with direct
internal reforming; investigate the steady-state performance
of such SOFC system; and analyse the impact of changes
in inlet temperature, fuel utilisation, average current density,
and flow configuration. Although, the full dynamic SOFC
model has been developed and is explained here, the present L Fuel e SRy
paper only explores the cell steady-state performance. A sub- X
sequent publication will deal with its dynamic asp€d).

Fig. 1. Schematic side view of a co-flow planar SOFC stack.

2 SOFC mathematical model sists of: two mass balances, to the fuel and air channels; four

energy balances, to the fuel and air channels, PEN, and inter-
d- connect; and an electrochemical model that relates the fuel
and air gas composition and temperature to the voltage, cur-
rent density, and other cell variables. Pressure drop along the
channels is neglected. Note that for the development of such
a model, several simplifying assumptions (namely, the vari-
ation of some gas/solid properties along the fuel cell length
and with time) were made to obtain a more computationally
tractable dynamic model. Although itis believed that any dif-
ferences between the results predicted with this model or with
a more refined one will not be significant, such a model will
also be developed in the near future and the results obtained
reported.

There have been several publications focusing on mo
elling the performance of high-temperatl8®FCs. Such
models can be for different geometries (tubular, planar,
or monolithic), PEN structures (electrolyte or electrode-
supported), and flow configurations (cross-, co-, or counter-
flow); can range from one to three-dimensional; and can
consider or ignore internal reforming or various other phe-
nomend1,15,20-25] Even though most of the work found
is for SOFC steady-state performance, dynamic issues have
also been addressed by some autffip8s-29] The dynamic
intermediate temperature SOFC model developed hereis one
dimensional and allows for co- and counter-flow operation,
although the equations presented next are for the co-flow case
only. 2.1. Mass balances

To produce a useful voltage, a complete SOFC system can
not be made up of a single solid oxide fuel cell, as its voltage ~ For the mass balance in the fuel channel, the chemical
is quite small (about 0.7 V when drawing a useful current), species considered are g¢HH,0, CO, H, and CQ, while
but must consist of several repeating electrochemical cells infor the air channel the chemical species aeadd N (as
a module, connected both in series and/or in parallel and as-the oxidant is considered to be air and not pure oxygen). The
sembled to compose a stack. However, models of SOFCs arenolar flux in these gas channels is considered convective in
usually developed for the smallest unit cell or module. Such the flow direction. Given the high aspect ratio and Peclet
models can then be used to compute the operating conditionsiumber valuesPe, it was found reasonable to neglect axial
of the whole stack provided that the boundary conditions for dispersion effectsTable 1presents the fuel and air channel
each unit cell are independent and that adequate boundarynass balances. In SOFCs, the presence of CO andil€O
conditions are established for the stack exterior. In the casethe fuel does not poison the anode reaction, and indeed CO
reported here, the repeating single-cell is considered to becan function as a fuel. Nevertheless, here it is assumed that
in the centre of a large stack, such that no end effects areonly hydrogen is electrochemically oxidised and that all the
present, and to be formed when two interconnect plates areCO is converted through the shift reaction, considered to be
placed above and below an electrochemically active tri-layer at equilibrium[30-32] It is also assumed that any methane
cell composed of the anode, electrolyte, and cathode (PENpresent in the fuel channel can only be reformed 1o €0,
structure). Interconnect plates normally provide the internal and CQ and, hence, not electrochemically oxidised. Thus,
gas flow manifolds and flow passages above and below thein the fuel channel, three reactions are taken into account:
PEN; the individual gas flow channels are neglected in the methane steam reforming (i), water gas-shift (ii), and hydro-
present modelFig. 1 shows a schematic view of a vertical gen electrochemical oxidation (iii). In the air channel, only
slice through a~z plane of a multiple-cell, planar, co-flow  the reduction reaction of £to >~ ions is considered (iv).
stack, where the fuel and air gas streams flow along«the  Table 2presents all these reactions. It should be noted that
direction. For the purpose of modelling, it is considered that Ry = Rj) = Ry) whereR stands for the hydrogen oxida-
the SOFC is composed of the fuel and air channels, the PENtion reaction rate. Faraday'’s law relates the flux of reactants
structure, and the interconnect. The model developed con-and products to the electric current arising from an electro-
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chemical reaction. According to this law, and when onfy H Table 3

oxidation is present, the local amount of ldnd G con- Rate equations for methane reforming on nickel cermet SOFC anodes
sumed and KO produced through reaction (v) rable 2is Kinetic equation Reference
related to the local electric current densjfyproduced in the Roy = kopcrs P25 exp (_J) © 112
cell by 2 RT
Ry = J (1) (DRg) = kopch, exp (—53) (1) [18,37]

2F

This relation relies on the fact that solid electrolytes such as 05 . DO —#s Ea
YSZ are pure ionic conductors, and so only oxygen ions can Xo = kopcHs <1+ kup, + kSpHZZ> exp (‘ﬁ) (38]
permeate through the electrolyte to take part in the oxidation ®)
reaction at the anode/electrolyte interf88]. P B

As for the kinetics of the reforming reaction, although con- (R0 = korciy,Pryo €XP (—5%) ©)
ventional methane steam reforming has been widely studied
and there are several publications dealing with its kinetics
and catalytic aspecf84—36] there is only a small amount of
data available for the kinetics of reforming in SOFC anodes.

Table 3presents some of the rate equations published so farNi=YSZ anode to 1.4 for the modified anode, the order in
for Ni cermet anodes. steam changed from0.35 to—0.8, and the activation en-

Lee et al.[12] studied methane conversion with differ- €ray from 95 to 210k mof. Other kinetic expressions and
ent Ni/ZrO, anode materials. For 60vol.% Ni cermets, they & reviewin advances of DIR catalysts can be found in refer-
found an activation energy of 98 kJmél Achenbach and =~ €nce$7,9,11,32,39,40For the fuel channel mass and energy
Rienschg18] and Belyaev et a[37] both showed that the balances, the first order kinetic expression derived by Achen-
steam reforming reaction rate was first order in methane and®ach and Rienschi 8] and preser11ted iffable 3 with an
zero order in water, for a 80 wt.% Zpand 20wt.% Ni cer-  activation energy ok, = 82 i“] mzor a?d a pre-exponential
met and for a mixed Ni-(5wt.%) Zr§(2 wt.%) CeQ anode, ~ constant oko = 4274 mols™m~“bar ™, has been adopted.
respectively. Dicks et a[38] studied the methane reform- SUchakinetic expression is considered typical of DIR-SOFC
ing rate given by a thin electrolyte-supported Ni-YSZ an- Performance. _ _ o
ode using a tubular plug flow differential reactor. Ahmed  AS mentioned previously, the water gas-shift reaction (ii)
and Foger[13] investigated Ni-YSZ and Ni-YSZ modi- is considered to be at equilibrium in the fuel channel; an
fied (addition of a basic compound) anodes. They found equilibrium-limited shift reaction rate expression, first or-

that the reaction order in GHncreased from 0.85 for the der in carbon monoxide and with an arbitrarily high pre-
exponential factokwgsgr, given by

(23]

Table 1

Dynamic SOFC model: mass balances Riy = kwosrpco (1 _ PCOZPHZ/I?COPHZO) ’ (10)
Fuel channel Keq(ii)
aCit aCit 1 is used to consider this effect.
o M, + Z vi,kRk}Tf
S ONDRO)
i  (CHa. H50. CO, Hy. COy) @ 2.2. Energy balances
o . In a fuel cell, current and temperature distributions are
Citlmo = C7' i€ {CHa, H20, CO. Hz, COp) ® strongly coupled. Therefore, knowledge of the prime heat
_ transfer processes is required. Such processes include heat
Air channel release arising from electrochemical reactions, electrical re-
3Cia _ Cia 1 . sistances, and/or anode fuel chemistry; convective heat trans-
o = day) +Uz,(v)R(v)h i € {02, N2} 4) . )
a fer between cell components and fuel and air gas streams; and
Coslieo = C° i€ (09, Na} ) in-plane heat condyction through cgll components. M.any au-
A= i ’ thors have made different assumptions when modelling heat
transfer within a SOFC. The modeliable 4considers that
Table 2 the thermal flux in the PEN and interconnect structures is
Reactions considered in the mass and energy balances conductive and modelled by Fourier’s law of heat conduction,
Steam reforming reaction (i) CH+ Hp0 < CO+ 3H, and in the gas channels is convective in the gas flow direction
Water gas-shift reaction (i) C@ H0 & COz 4 Hy and from the gas channels to the solid pftt24]. The heat
Hydrogen oxidation reaction (iil) b 0>~ — H20 + 2e~ transfer coefficients between the gas channels and the solid
Oxygen reduction reaction (MO + 26" — O parts were calculated using a constant Nusselt nunier,
Overall cell reaction (V) H+ %Oz — H,O

(a common assumption given the laminar flow conditions for
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which the Nusselt number is considered independent of thewherei; (15) denotes the thermal conductivity of the fuel
Reynolds number) and the channel hydraulic diamétg}.

Thus,ks peN, Ki 1, Ka.pEN, @ndKa | are given by:

(11)

12)

Af 2Whs
ki PEN=ki| = Nu—, dnhi=
' ' dnt " W4kt
Aa 2Whg
kaPEN=ka) = Nu——, dha=
dh,a ' W+ ha
Table 4
Dynamic SOFC model: energy balances
Fuel channel
daT¢ JaT¢ 1 1
PrCp— = UIpiCpi o+ ks pen(TPEN — Tf);f + ke (T — Tf)}Tf

1

—AH)Rx—

+ E ( ) K
ke{(i), (i) }

Tilimo = TP

Air channel

T,

a
PaCp,a

= oala g (T; T)l
an UaPaCp,a i a PEN(/PEN aha

1
+ ka1 (T — Ta) —
ha
Talymo = TY

PEN structure

TpEN 3% TreN 1
PPENCp,PEN = ApEN— 5 — kt,peN(TPeN — TH) ——
ot ox TPEN

— ka PEN(TPEN — Ta)
TPEN

o
+[(-AH)wRy) — jUl —
TPEN

{ o(T — Tgen) } 1

1/e1+1/epen—1| tPEN
where tpeN = Tanode+ Telectrolyte+ Tcathode

dTpeN —o 0TpEN

=0, =0
0x  |y—0 X |y=r
Interconnect
aTi 9°T; 1 1
— =M= — k(T = TH) = — ka (T — Ta) =
Pepl = W, t.1(Th f)rl al(Ti — Ta) -

U(T|4 - TI?’EN) 1
1/e1+1/epen—1| 1

o7,
ox

aT,
= Zl —o
x=0 ox

x=L

(13

(14)

(15

(16)

an

(18)

(19)

(20)

(21)

(air) stream andi, ¢ (dn.a) the hydraulic diameter of the fuel
(air) channel. Here, the Nusselt number is taken to be 3.09
[42]. Due to the high temperatures involved, radiation be-
tween the PEN structure and interconnect is also included.
For this purpose, the general expression for heat transfer by
radiation between two infinite parallel planes is considered
[43]. It is assumed that the hydrogen oxidation reaction en-
thalpy is released at the PEN struct{28] and that, as the
cell being modelled is placed in the central region of a stack,
there is no heat flux through the external wglg]. Finally,

itis also assumed that the overall effect of the variation of the
gas densities, heat capacities and velocities can be neglected.

2.3. Electrochemical model

The difference between the thermodynamic potentials of
the electrode reactions determines the reversible cell voltage
or open-circuit potential )°CP[44,45] This open-circuit po-
tential is a local quantity, as it depends on the gas composition
and temperature at the electrodes, and can be determined by
the NernstEq. (22)written for the electrochemical oxida-
tion of hydrogenUﬂ2 stands for the open-circuit potential at
standard temperature and pressure and unity activity, and is a
function of the Gibbs free energy change for thed®idation
reaction.

NRT PH,O.f

OCP 0 20,

U = UH2 ~oF In <1/2 (22)
PH,,tP0, a

The theoretical open-circuit voltage is the maximum volt-
age that can be achieved by a fuel cell under specific operat-
ing conditions. However, the voltage of an operating dg|l,
equal to the voltage difference between the cathode and the
anode, is generally lower than this. As current is drawn from
a fuel cell, the cell voltage falls due to internal resistances
and overpotential losses. Electrode overpotential losses are
associated with the electrochemical reactions taking place at
the electrode/electrolyte interfaces and can be divided into
concentration and activation overpotentials. These losses are
common to all types of fuel cells and cannot be eliminated,
although temperature, pressure, gas flow rate and composi-
tion, electrode and electrolyte materials, and cell design, all
influence their magnitude. The voltage or potential of an op-
erating cell is thus generically given IBg. (23) that can be
derived from Kirchoff's and Ohm’s laws by considering a
cell as many small elements in series, and each one of those
elements as a local battery with its own internal resistance.

U= UOCP - (nOhm + 7concanode Mcongcathodet Nactanode
+ Nactcathodg- (23)

nonhm Stands for the ohmic losses am@ncanode 7conccathode
Nactanode @NdnactcathodefOr the anode and cathode concen-
tration and activation overpotential losses. All these losses
are in part responsible for the heat produced in an operating
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fuel cell and are explained next. As both electrodes are nor-
mally good conductors, a constant cell voltage throughout Py
the cell is normally considergd6]. —

2.3.1. Ohmic losses
Ohmic losses are caused by resistance to conduction of
ions (through the electrolyte) and electrons (through the elec- Pu.or
trodes and current collectors) and by contact resistance be-
tween cell components. This voltage drop is important in all
types of cells and is essentially linear and proportional to
current density. Because the ionic flow in the electrolyte and Fig. 2. Schematic diagram of an anode-supported solid oxide fuel cell.
the electronic flow in the electrodes obey Ohm'’s law, ohmic

losses can be expressed by equation is written as:

= jRohm, 24 NRT
nohm = jRohm (24) voS = U8, — e in ( PHzo,Tlp/g ) (26)
wherej is the current density ariRbnm the internal resistance PHa, TPBPO,, TPB

of the cell, which includes electronic and ionic resistances.  Tne difference betweefigs. (22) and (26¥ives the de-
Ronm can be obtained from measured cell resistances or bepartyre from the theoretical voltage,

estimated from the effective distance between the compo-

nents coupled with cqnsjuctivity.da?a.. HeRyhm is calcu—_ _%T n (PHZO,TPBPHz,f> " RT In POs.a
Iatedﬁomthe conductllwtyofthe|nd|V|duaIIayers (assuming lconc = 5 PH,0.1 PH,. TPB AF ’
negligible contact resistances, cross-plane charge flow, and
series connection of resistances) by:

Po,,TPB

. . . where the first term on the right-hand side refers to the anodic
Ropm = ~2node  Telectrolyte | Tcathode (25) concentration overpotentiajconcanode

Oanode Oelectrolyte Ocathode’
herer T ndz eSt d for the thickr f d i2 I < H2 ’ H Lf)
wher a and 1or the thickness o Tlconcanode s

anode Telectrolyte cathod p 2O,fP ,,TPB

F
the anode, electrolyte, and cathode layesgode@ndo cathode
for the electronic conductivity of the anode and cathode, and and the second term to the cathodic concentration overpoten-

(28)

oelectrolytefor the ionic conductivity of the electrolyfd7]. tial, nconccathode
. . RT POs.a
2.3.2. Concentration overpotentials Neonccathod = —— In J . (29)
Concentration overpotentials appear when mass transport ar Po,,TPB

effects hinder the electrode reaction, i.e. when the reactant
inlet flux and the product outlet flux from an electrode are h
slower than that corresponding to the discharged current, an
concentration profiles develop across the electrodes. Physical
processes that contribute to the occurrence of concentratio
overpotentials include gas species molecular transport in the
electrode pores, solution of reactants into the electrolyte, dis-
solution of products out of the electrolyte, and diffusion of
the reactants/products through the electrolyte to/from the re-
action sites. For an anode-supported PEN structure, the con
centration overpotential is usually very small at the cathode
but can be significant at the anode, particularly at high current
densities and fuel utilisatiof8].

For open-circuit conditions, the reactant and product con- RTTanode

To allow for the calculation ofjcone, @ relation between

e partial pressures of1HH20, and Q at the three-phase
oundaries and the current density is necessary. Different
orous-media gas-phase transport models have been de-
eloped to predict concentration overpotenti&l$,48,49]

Here, it has been assumed that: the principal gaseous species

in the anode are $tand HO (equimolar counter-current one-

dimensional diffusion of Hand HO) and in the cathode are

O2 and N (one-dimensional self-diffusion); external diffu-

sion is negligible; and the electrochemical reaction occurs
only at the electrode/electrolyte interfalge6,49] The fol-
lowing equations were obtained:

N . = T Y 30
centrations at the electrode/electrolyte interfaces or three-/H2: TPB = PHaf ZFDeff’anode] (30)
phase boundaries (TPB) are the same as those in the bulk RT
channel flow, for which conditions the Nerristy. (22)gIVes  py.0.1ps = pHyo.f + —oenet®_ (31)

the open-circuit potential. However, when the current is flow- 2F Deff anode

ing and concentration gradients develop (as illustrated in

Fig. 2 for an anode-supported SOFC), the species concen- _ RTtcathode .
trations at the three-phase boundaries are different from the02TPB = P = (P = poya) exp 4FDeﬁ,cathodJ>J ’
bulk concentrations. In such a case, the corresponding Nernst (32)
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where Tanode (tcathodd denotes the thickness of the anode Table 5

(cathode) Der anoderepresents the average effective diffusiv- Activation overpotential data fdfgs. (35)-(37)

ity coefficient in the anode (considering a binary gas mixture Keathode 2.35x 10" Q" tm=2 Ecathode 137kJImot*
of Hz and HO), andDefr cathoder€presents the oxygen effec-  Kanode 6.54x 101 Q" tm? Eanode 140kJmot*
tive diffusivity coefficient in the cathode (binary gas mixture

of Oz and N). Def is related to the molecular diffusivity,  rate-limiting reaction step represented by the Butler—Volmer

Dmolecular bY: equation, ando,electrodethe exchange current density, nor-
&p ) mally expressed as:
Deff,i = Ti_Dmoleculari, i € {Hz2, H20, Oz, N2}.
tortuosity . RT Eelectrod
(33) J0,electrode= 7ke|ectrodeexp (_eqe\cTroe ,
This relation accounts for the complex pore structure in- n o

side the electrode material, where the diffusion path length  electrodes {anode cathodé¢. (36)
alongthe poresis greater than the measurable electrode thick-

ness. This is due to the pores’ tortuous nature and pore con- However, in the situation where charge transfer and mass
strictions, and thus the molecular diffusivity is corrected by a transfer phenomena occur at comparable rates, the above
tortuosity factor tortuosity, @and the material porosityp. The Butler—Volmer equation needs to be corrected. The extended
tortuosity factor accounts for both the effects of altered dif- Butler—Volmer equation for the activation overpotential at
fusion path length and changing cross-sectional area in con-the anode (the cathode concentration overpotential is subse-
strictions. The molecular diffusivity is the result of fluid—fluid  quently shown to be negligible and, thus, does not require
intermolecular collisions as considered by the kinetic theory such an extended approach) is then given by:

of gases, and is often known as the bulk diffusividyy. P TPB oanF

When the pore size gets so small that it is less than the meanj = jO,anode[ 2 exp ( - 77actanode>
path of the fluid, fluid-wall collisions become the dominant PHa f N

ones and the mode of diffusive transport is altered to Knud- PH,0,TPB (1—oo)nF

sen diffusivity,Dxnudsen Which arises from the kinetic theory  pHof ex (_ RT r’acta”"deﬂ
of gaseq50]. When both these types of diffusion, bulk and

Knudsen, are important, both contribute to the molecular dif- ~ For a full knowledge of the activation overpotentials in
fusivity, which is then given by: a fuel cell, it is necessary to determine both the exchange

current density and the transfer coefficient for both the

37)

- _ 1 1 , anode and the cathode electrode reactions. As previously
Dmoleculari Doulki  Dknudsen mentioned, much research is ongoing to improve electrode
i € {Ha, Hy0, Oy, No). (34) performance. However, although there are a large number of

publications dealing with activation losses in IT-SOFCs, a
full electrode analysis that can provide all the above data in
a proven successful electrode is still difficult to obtain, as it
2.3.3. Activation overpotentials requires both a detailed understanding of the electrode reac-
Activation overpotentials reflect the kinetics of reactions tion mechanism and its microstructure. Here, for the cath-
taking place on the electrode surface. At high operating tem- ode activation overpotential, the data provided by Horita
peratures, the electrode reaction is rapid and, as a resultet al. [51] is used. This data was obtained by studying the
the activation overpotential is usuaIIy small. However, as cathode reaction mechanism at the pOfOL@_LéSFXCOQ;_d
the operating temperature falls, activation overpotentials Can(LSC)/Lay sSro2Ga sMgo 203, (LSGM) interface x =
become the most significant cause of voltage drop. Activa- 0.2, 0.3, 0.4) in the temperature range of 873—1073 K. This
tion overpotentials are often represented by the non-linearrepresents one of the few available comprehensive data sets,
Butler—Volmer equation, which relates the current density and simulations showed the data to be representative of more
drawn to the activation overpotential and, for a first order conventional YSZ-based materials. The parametexsda
charge transfer controlled electrochemical reaction, is givenin Egs. (35)-(37)vere set equal to 2 and 0.5, respectively (as-
by: suming a two-electron transfer rate-determining step). After
oanF fitting the available data(E 0.2), the parameters presented in
J= J'O,electrode{eXp <”ﬂactelectrode) Table 5were obtained. These lead to a cathode area specific
‘ resistance of 0.2 cn¥ at 1073 K, considered reasonable for
_exp (_ (1— a)nFUacLeIectrode>] IT-SOFC operation. For the anode, and given that no appro-
RT ’ priate data was found, it was decided to use, as a first estimate,
electrode{anode cathodg (35) the data presented ifable 5 The select'ion. of these data i§
based on the fact that most authors indicate anode activa-
wherex is the transfer coefficient (usually taken to be OrB),  tion enthalpies in the range 120-160 kJ mdl52,53]and in
the number of electrons transferred in the single elementarythe knowledge that an appropriate area specific resistance for
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Table 6
Model performance factors

Fuel utilisation factor
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3. Simulation results and discussion

This section is divided in four sub-sectiorsection 3.1

Utel = JLW (38) introduces the model input parameters and inlet operating
(BF¥gw, + 2F¥%, + 2380 Fiyel conditions;Section 3.Dresents the simulated curves for cell
voltage and power density as a function of current density;
A ratio Section 3.3analyses the steady-state performance of a co-
o o flow SOFC system; an&@ection 3.4briefly compares the
ey = 'VOZF air (39) system steady-state performance under co and counter-flow
JLW/AF operation.
Power density 3.1. Input parameters and inlet operating conditions
Psorc= jU (40) Table 7presents the model input parameters: geometry
and property data (properties of the materials and cell di-
Fuel efficiency mensions), inlet temperatures and gas compositions, average
JULW current density (or total current), fuel utilisation factor,
£SOFC= (41) and air ratio. All the physical property values of the cell

0 0 0 0 0 0 0
Oem, LHVey, + Yh, LHV, + Yool HVeo) Frye . ;
materials are based on mean values from the literature

[1,20,22,24,25,42,45]The temperature dependence of the
anode and cathode electronic conductivity is considered neg-
ligible in the temperature range of concdd2]. The PEN

and interconnect emissivity values are considered typical
of ceramic[42] and stainless steel materials, respectively.
The cell dimensions are typical values for anode-supported
intermediate-temperature SOFCs. The inlet fuel is consid-
ered as a gas mixture of GHH,O, CO, H, and CQ. Its
composition results from a mixture with a steam to carbon
ratio equal to 2 after 10% pre-reforming, where the shift re-
ode, and(36)—(37)is solved usinggPROMS ModelBuilder  action is at equilibrium. The average current density value is
2.2.5[54], with the finite difference method. The initial con- chosen based on the curves presentegeiction 3.2and on
ditions for the dynamic model (which is used only on a sub- the fact that fuel cells are normally designed to operate at a
sequent publication to analyse the effect of load changes)cell voltage between 0.6 and 0.7 V. This range of operation
are the initial steady-state solution to which a disturbance is found to be a good compromise between cell efficiency,
is then imposed. For the solution of the steady-state model,power density, low capital cost, stable operation, and avoids
in addition to all geometry and property data and inlet tem- possible anode oxidation at low cell voltafg. The air ra-
peratures and compositions, there are three degrees of freetio value guarantees a temperature increase along the cell of
dom available for the complete solution of the system. One around 100 K. The remaining model physical properties (gas
option usually adopted in the fuel cell field is to specify stream densities, heat capacities, and thermal conductivities)
the average current density (or total current), the fuel util- and gas velocities are determined for the inlet conditions, as-
isation factor, and the air ratio. These are given quantities suming ideal gas behavioj#2,55], and are taken as constant
from which the molar fluxes of fuel and air are then de- values that apply throughout the system. The thermodynamic
termined. The fuel utilisation factor is the fraction of the properties (reaction enthalpies and Gibbs free energy) are cal-
total inlet fuel that is used to produce electricity in the culated as a function of temperature, assuming an ideal gas,
cell. The air ratio reflects the excess air, in relation to that by integration (according to the specific method rules) of the
which is stoichiometrically needed, that is supplied to the heat capacity of each component in the corresponding gas
cell for cooling. Output parameters usually adopted are the mixture[55]. The effective diffusivity coefficients are calcu-
power density and the fuel efficiency. The fuel efficiency lated assuming electrodes with 30% porosify £ 0.30), a
represents the fraction of the total chemical energy in the tortuosity ofortuosity = 6, and an average pore radius (used
inlet fuel that is converted into electrical energy (power). to calculate the Knudsen diffusivity) of Ogbn [5].

The net chemical energy consumed in a fuel cell is con-

verted either to electrical energy or to heat generation due3.2. Cell voltage and power density as a function of

to entropy change of the electrochemical reactions, losses bycurrent density

overpotential effects, and resistance to current fltable 6

presents the mathematical definition of these performance This section presents the characteristic curves for cell volt-
factors. age and power density as a function of current density. Note

IT-SOFC anode materials should not be more thaSXci?
at 1073 K.

2.3.4. Performance factors
The resulting system of partial differential and algebraic
Egs. (1)—(6), (10)—(25), (28)—(34), (3tr electrode = cath-
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Table 7
Model input data and operating conditions

Physical properties of the cell materials

Anode electrical conductivityyanode 80x 10°Q1m? Cathode electrical conductivity, 8.4 x 10°QIm™1
O'cathode

PEN densityopen 5900 kg 13 Interconnect densityy, 8000 kg nr3

PEN thermal conductivity,pen 2x103kImls iK1 Interconnect thermal conductivity, 25 x 10 3kJm1s 1K1
Al

PEN heat capacity,, pen 0.5kJkgtK-1 Interconnect heat capacip, 0.5kJkgtK-1

Electrolyte ionic conductivitygelectrolyte  33.4x 10° exp(=10.3x 103/T) Q1 m~1

PEN emissivity,epen 0.8 Interconnect emissivity 0.1

Anode diffusion coefficientDeft anoge ~ 3.66x 107°m?s™1 Cathode diffusion coefficient, 1.37x 10 °m?st
Deff,cathode

Dimensions of the cell elements

Cell length,L 0.4m Anode thicknessanode 500um

Cell width, W 0.1m Cathode thicknessgathode 50um

Fuel channel heighty 1mm Electrolyte thicknessegiectrolyte 20pm

Air channel heighth, 1mm Interconnect thickness, 500um

Operating conditions

Fuel utilisation,Usye 75% Pressurd? 1bar

Average current densitﬁ 0.5AcnT? Fuel inlet temperaturd:f0 1023K

Air ratio, Aajr 8.5 Air inlet temperatureTg 1023K

Air feed 21% Q, 79% Ny Fuel feed Steam/carbon = 2, 10% pre-

reforming

that such curves do not result from the solution of the full of 0.860 W cnT? when the current density is 2.07 Acrh
SOFC model irSection 2but only from the electrochemical  and the cell voltage 0.415V. Under these conditions, the
model inSection 2.3 The fuel composition irFigs. 3-5is cathode activation and ohmic overpotentials represent the
based on a fully reformed steam and methane mixture (with major losses within the cell, followed by the anode activa-
an initial steam to carbon ratio of 2), to which a degree of fuel tion overpotential. Although the system under study is an
utilisation (hydrogen and carbon monoxide) is then further anode-supported one, anode concentration overpotentials are
applied. relatively small, but still much higher than those at the cath-
Fig. 3 illustrates the predicted cell voltage and power ode. A typical voltage versus current density curve normally
density as a function of current density at 1073K for an presents a convex curvature caused by activation overpoten-
undepleted fully reformed fuel mixture; the individual con-  tials for low current densities and a concave curvature asso-
tributions of all the various potential losses are also shown. ciated with concentration losses for high current densities.
As can be seen, the power density reaches a peak valugvhen there is no fuel or oxidant at the three-phase boundary

1.10 _—— 1.10 1.10 | | 1.10
open-circuit voltage— _ |
1.00 T 1.00 O N—T— T 1T __ igg ]'z 1.00
4 0.90 % — r 0.90
0.90 S [ . cathode act | 00 \ T 93K
0.80 7 ;r-\_ i 0.80 o 0-80 71 \ / \ 1% g
h / h 2 g 0.70 NC 0.70 &
0.70 7 0.70 Z o g
> cathode conc | a . X &
g 0.60 7 T ohmic — 0.60 & g 0607 4 T 060 8
3 \ 2. = i, Al N &
§ 0.50 7 l 0.50 =2 2 0.50 PN N 0.50 4
= ~ oY

0.40 040 = 0.40 A ’ N T 040 &
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Current density, Alem’ Current density, Alem’

Fig. 3. Cell voltage and power density as a function of current density at Fig. 4. Cell voltage and power density as a function of current density at
1073 K for an undepleted fully reformed fuel mixture. The solid lines are 973, 1023, and 1073 K for an undepleted fully reformed fuel mixture. The
voltage curves (left axis) and the dashed line is the power density curve (right thinner lines are voltage curves (left axis) and the thicker lines are power
axis). density curves (right axis).
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110 I 1.10 a current density of 0.823 A cnf and a voltage of 0.381 V);
1.00 T el T 100 and the point at which the cell voltage drops to zero reduces
0.90 4= — 75% 19 from 4.45 Acnt2 at 1073K to 2.93Acm? at 1023K and
0.50 \\ s SR AN I . to 1.79 Acnt2 at 973 K. The best operating point, applying
070 \ , - \\/* 070 2 the same criteria as above, now falls between current density
> XK T T~ TN\ g values of 0.518 and 0.734 A crf for 1023K (which leads
g 060 VeSO \ 060 % to power densities between 0.360 and 0.443 W#nand
S 050 /” . 1IN AN \ 0.50 ‘Z between 0.269 and 0.428 A cthfor 973K (which leads to
0.40 "Q = R N 040 & power densities between 0.190 and 0.253 W&m
0.30 1 P \\ A 030 Fuel composition plays a significant role in fuel cell per-
0.20 \ S \\\', 0.20 formance. In operation and as the fuel flows through a SOFC
010 V B \\ \ 010 fuel channel, hydrog_en and cgrbon monoxide are consumed
000 ‘ \ \A 000 by the electrochemical reactions and the fuel stream be-

comes diluted, being less rich close to the exit of the chan-
nel. Therefore, in this region, concentration overpotentials
become more significanig. 5illustrates the predicted cell
Fig. 5. Cell voltage and power density as a function of current density at Voltage and power density as a function of current density
1073 K for a fully reformed fuel mixture with 0, 50, 75, and 85% fuel uti-  for a fully reformed fuel mixture with 0, 50, 75, and 85%
isation. The thinner lines are voltage curves (left axis) and the thicker lines fye| utilisation. For 0 and 50% fuel utilisation, concentra-
are power density curves (right axis). tion overpotentials are not significant. As seenFig. 5,

for these two cases, the voltage versus current density curve
at the electrode/electrolyte interface, the concentration does not present a concave curvature for high current den-
overpotentials become so large that the voltage reaches zergities. However, for 75 and 85% fuel utilisation, the con-
and the cell cannot operate. The current density at which thiscavity becomes visible and voltage and power density drop
phenomenon occurs is often referred to as the limiting current more rapidly to zero, due to concentration overpotentials
density (anode or cathode limiting current density). However, in the anode (cathode concentration overpotentials remain
whether or not a concave curvature is observed at high currenthegligible). The anode limiting current density decreases
densities depends on the particular cell operating conditions,significantly from 5.64 Acm? at 50% fuel utilisation, to
design, and materials, which determine the relative magni- 2,98 Acnt2 at 75% and 1.83 A cri? at 85%. However, as
tude of the ohmic and activation losses. For the cell and op- the activation overpotentials also take into account the effect
erating conditions illustrated iRig. 3, no concave curvature  of mass transport throughg. (37) the point at which the

is observed. This is mainly due to high ohmic and activation cell voltage drops to zero occurs before (at 3.59 Aéifor
losses that cause the cell voltage to drop to zero when the cur509, fuel utilisation, 2.55 A cm? for 75% and 1.71 A cm?

rent density reaches 4.45 A crh(while the anode limiting  for 85%).

current density of 10.1 Acn? is never reached). As men- In terms of reported values within the available literature,
tioned previously, fuel cells are normally designed to operate main results are: peak power densities of 1.08 W&rat
atacell voltage between 0.6 and 0.7 V. Thus, if the cell under 973K and 1.58 W cm? at 1073 K[49] or 0.49W cnT2 at
study were to be operated at a constant temperature and gag073 K[5] for anode-supported SOFCs operating on humid-
composition, the best operating point, basedign3 would  ified hydrogen, and 0.40 W cm at 1023K for an anode-
be between current density values of 0.823 and 1.23 A¢m supported SOFC operating on methg48]. Important to
which lead to power densities between 0.583 and note is the fact that, although very high power densities have
0.739Wcnr2, been reported for single cell test by SOFC developers, no
All the above is valid for operation at 1073 K. However, data is yet available to allow for the validation of developed
and as pointed out before, one of the main incentives in us-models. In addition, it should also be noted that power den-

ing anode-supported SOFC designs is to allow a reductionsity values for stack operation are, as confirme®éttion
in the operating temperature and, thus, the use of both metal3.3 well below single cell values.

and ceramic materials as compared to all-ceramic SOFCs.

Thus, itis important to evaluate the cell performance atlower 3.3. Anode-supported IT DIR-SOFC operation
temperaturedsig. 4illustrates the predicted cell voltage and

power density as a function of current density at 973, 1023, The model described Bection s able to predict the var-
and 1073 K, for the same fuel composition ag-ig. 3. As ious temperatures along the cell length (fuel and air channels,
expected, the performance of a cell is significantly hindered PEN structure, and interconnect), the gas composition in the
when the operating temperature is decreased: the maximunfuel and air channels, all the electrochemical-related variables
power density reduces from 0.860 Wtfat 1073K, to (open-circuit voltage, activation, ohmic, and concentration
0.539 W cnT? at 1023 K (at a current density of 1.36 A ci overpotential losses, terminal potential, and current density)
and a voltage of 0.397 V) and to 0.314 Wcfat 973K (at as well as the cell efficiency and power outplitgs. 6—8

00 05 1.0 15 20 25 30 35 40 45
Current density, Alem®
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Fig. 6. Fuel channel component mole fractions along the cell length for the Fig. 8. Predicted voltage, current density, and contribution of all the various
conditions inTable 7 potential losses along the cell length for the conditionahle 7

present some of these variables for the operating conditions?ydlroﬁen O)T'daﬁ'or? react;]on alcr)]ng tl?e ce1IEI.I,|At the exit o;thed
given inTable 7 Figs. 6—8are for a co-flow operation case, uel channel, all the methane has been fully consumed an

while Figs. 12—14in Section 3.4are for counter-flow oper- the st_ream contentis 65%iryd, 4%in CO, 15% in i, and
ation. 16% in CQ.

Fig. 6 presents the mole fraction profiles along the cell  F19- 7 presents the fuel and air channels, PEN structure,
length of all the components in the fuel channel stream. These@Nd interconnect temperature profiles along the cell length. It
illustrate the impact of the simultaneous occurrence of the di- can b? ?Ieen that the cell t(re]mperature n:cr.eases' ilor?g the fuel
rect internal reforming reaction, the water gas-shift reaction, &"d air flow directions by heat accumulation, with the max-

and the oxidation of hydrogen at the anode/electrolyte inter- MUM temperature occurring at the outlet. This temperature
face. At the entrance of the fuel cell, and due to the hig

h distributionis typical of a co-flow arrangement. Although, the
methane content, the reforming reaction is much faster angsteam reforming reaction is known to be strongly endother-

the methane starts being consumed rapidly, producing h dro-mic’ it can be seen that there is enough heat production in
g piey: P gy the cell to enable the reaction. The total heat consumed by

gen and carbon monoxide. Once most of the methane is con- h X % of th 'h duced
sumed, the hydrogen oxidation reaction becomes the fastef® DIR reaction represents 45% of the total heat produce

reaction and the consumption of hydrogen and production of in the cell. The simulations do illustrate a slight local cooling
steam can be clearly seen. The current density profile alongEfeCt @ssociated with the reforming of methane, where the

the cell length, shown iffig. 8, corroborates the increasing fuel channel temperature decreases by 54K in reI.atlon toits
inlet value (the equivalent temperature decrease in the PEN

structure is only 18 K). As mentioned before, direct or indi-
rect internal reforming in typical high-temperature SOFCs,
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where the inlet temperature is normally 1173 K, is charac-
terised by severe local cooling effects at the cell entrance.
The profiles inFig. 7 then demonstrate that intermediate-
temperature SOFCs can represent a greatimprovementin this
area. Also, note that the extent of pre-reforming assumed for
these simulations is of only 10%, and thus the inlet fuel is very
rich in methane. The maximum and minimum temperatures
in the PEN structure are 1135 and 981 K, respectively, lead-
ing to a maximum temperature difference of 154K in the
cell. Temperature gradients in a solid oxide fuel cell stack
(along the length and across the various layers) need to be
carefully monitored to avoid any thermally induced fractures
on its ceramic components, with a consequent cell failure.
Finally, Fig. 8 shows the predicted voltage and current
density along the cell length, as well as the individual con-

Fig. 7. Fuel and air channels, PEN structure, and interconnect temperaturetfibution of all the various potential losses. As discussed be-
along the cell length for the conditionsTable 7

fore, for a given cell, the potential losses and current density
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Fig. 9. Fuel and air channels, PEN structure, and interconnect temperature along the cell length for the con@igias]iexcept that the fuel and air inlet
temperatures are: (a) 973K and (b) 1073 K.

distribution along the cell are related to the composition of the erating conditions infable 7 the SOFC under study has a
gas streams and to the various temperatures in the cell. Thesatisfactory terminal voltage of 0.663V, a power density of
open-circuit potential is governed by the Nernst equation, and 0.332 W cn2, and a fuel efficiency of 46.8%.

thus follows both the cell temperature and the partial pressure  Figs. 9—11illustrate the effect of changing some of the

of hydrogen, as this is produced by DIR and then oxidised operating conditiongig. 9 presents the fuel and air chan-
and replaced by steam. As the temperature increases alongels, PEN structure, and interconnect temperature profiles
the cell length, the overpotentials decrease, allowing for an along the cell length for the cases where the fuel and air inlet
increase of the current density. The concentration overpoten-temperatures are 973 and 1073 K (all the remaining condi-
tials, even though very small in the case under study, increasetions in Table 7are kept constant). Fromaigs. 7 and 9it

as the fuel is consumed along the cell. In percentage termscan be seen that as the inlet temperature increases, the tem-
the cathode activation overpotentials represent 45% of theperature gradients at the entrance of the fuel channel also
total losses within the cell, followed by the anode activation increase. This is due to an increase in the steam reforming
overpotentials with 31%, and the PEN structure ohmic lossesreaction rate with higher temperatures. However, the overall
with 22%. The anode concentration overpotentials contribute temperature increase across the cell length decreases. This is
to 2% of the losses while the losses by cathode concentra-because, at a given current density, higher temperatures lead
tion overpotentials were found negligible (expected, given to a more electrically efficient operation (the fuel cell effi-
the reduced cathode thickness and oxygen utilisation). Thisciency is 40.2% for fuel and air inlet temperatures of 973K

is the expected trend for an IT-SOFC, where the electrolyte and 52.0% for 1073 K), and thus to a lower heat generation
is thin and ohmic losses no longer dominate. For the op- in the cell. This implies that if the studied SOFC needs to
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Fig. 10. Predicted voltage, current density, and contribution of all the various potential losses along the cell length for the corid@ibeng except that the
fuel utilisation is: (a) 85% and (b) 95%.
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Fig. 11. Fuel and air channels, PEN structure, and interconnect temperature and predicted voltage, current density, and individual coattithetieeriofus
potential losses along the cell length for the condition$ahle 7 except that the average current density is 0.75 AZm

be operated at lower temperatures while keeping the overallonly related to the cell stack but to all the balance of plant
temperature gradient across the cell of 100K, the air ratio involving it.
needs to be increased.

Fig. 10presents the predicted voltage, current density, and 3.4. Anode-supported IT DIR-SOFC operation: co-flow
individual contributions of all the various potential losses versus counter-flow operation
along the cell length for the cases where the fuel utilisation is
changed to 85 and 95%. The purpose of showiigg 10is to This last section aims to present a brief comparison of
illustrate the effect of concentration overpotentials on the cell the system behaviour under co and counter-flow operation.
performance. As can be seen, as the fuel is consumed alonghe air channel mass and energy balances and corresponding
the cell, concentration overpotentials become more signifi- boundary conditionsggs. (4) and (5 Table 1andEgs. (15)
cant and the current density that can be locally drawn dropsand (16)in Table 4 have been modified accordingly and the
considerably to maintain a constant voltage. This effect is same operating conditions as the ones giveTainle 7have
also accentuated because the open-circuit voltage decreaséaseen considered.
significantly with the consumption of hydrogen. As expected,  Figs. 12—14present the fuel and air channels, PEN struc-
the fuel efficiency increases with an increase in fuel utilisa- ture, and interconnect temperature profiles, the mole fraction
tion (53.6% for a fuel utilisation of 85% and 59.8 for 95%). profiles of all the components in the fuel channel gas stream,
However, and since the amount of inlet fuel, and thus the and the voltage, current density, and individual contribution
amount of heat consumed to reform all the methane is muchof all the various potential losses, along the cell length for
lower, the overall temperature profiles are similar to those

presented irfrig. 7. 1190 I A —
Fig. 11presents the fuel and air channels, PEN structure, 170 r ——  Air channel

and interconnect temperature and predicted voltage, current 5::‘% ** PENstructure

density, and individual contribution of all the various poten- 1130 77N [ Juehamel

tial losses along the cell length for the case where the cell is 1130 i “'sg

operated at an average current density of 0.75 AZrt can f 1110 / E/ \\

be seen that, with an increase in current density, the cell tem- lg 109 A

perature increases. This implies that to maintain a constant &

total temperature increase along the cell, anincrease inthe air & 1070 AN

ratiois required. Frorfig. 11b, it can be seenthatan increase 1050 BN .

in current density leads to an increase in all the overpoten- 1030 4 RS

tial losses in a cell and thus to a lower operating voltage. At /

0.75Acnt?, the cell voltage decreases to 0.606 V, the power 1010

density is 0.455W cm?, and the fuel efficiency 42.7%. In 990

summary, temperatures, fuel composition, gas flowrates, and 00 0.1 02 03 04 05 06 07 08 09 10

. Dimensionless axial iti
current density, greatly affect the cell performance and source ensioniess axtpostion

O_f pperat!on losses. The best comblnatlon of operating con-rig 12, Fuel and air channels, PEN structure, and interconnect temperature
ditions will always be a compromise of several factors, not along the cell length for the conditions Table 7for counter-flow operation.
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0.70 fractures on its ceramic components. This seems to represent
0.63 — the major drawback of SOFC operation under counter-flow
05 of the fuel and air gas streams: in the co-flow operation case
| - the simulations illustrate only a slight local cooling effect as-
0.49 'i_% \ - #" | ——  Methane ] sociated with DIR Fig. 7); but in the counter-flow case the
£ 04 !y w-"’ ,,,,,,, x‘ﬁn monoxide | temperature has a stee_p 135K increase in the first 8 cm of
& o35 4 \\ ~= Hydrogen | the fuel channelFig. 14illustrates once again how the var-

c / N "7 Carbondioxide ious voltage losses and the current density distribution are
= 028 = ~_ related to gas composition and cell temperature: the open-
0.21 I circuit voltage follows both the cell temperature and partial
0.14 — — —— pressures of hydrogen and st_egm; and the cpncentration over-
07 \ o< il potentials, even though negligible for the simulated operat-
TR ] e ing conditions, are more pronounced for higher local current

0.00 densities.

00 01 02 03 04 05 06 07 08 09 1.0

=P e Finally, for the operating conditions iffable 7 this
Dimensionless axial position

counter-flow SOFC system has a terminal voltage of 0.771 YV,
Fig. 13. Fuel channel component mole fractions along the cell length for the a power density of 0'386W(m%' and a fuel efficiency of
conditions inTable 7for counter-flow operation. 54.4%. The considerably better performance observed for
the SOFC system operating under counter-flow is an out-
come of the higher average cell temperatures and consequent
lower cell activation overpotentials and ohmic losses. How-
ever, because of the steep temperature gradieriginl2

not desirable for a ceramic system, and the consequent un-
even current density distributiorrig. 14, counter-flow is

not considered the best mode of operation. Achenlf2@h
reached similar conclusions for a high-temperature SOFC
system.

counter-flow operatiorfigs. 6-8above present the equiva-
lent co-flow operation figures.

ComparingFigs. 7 and 12t can be seen that, while in a
co-flow SOFC the temperature increases along the air and
fuel flow direction by heat accumulation, with the maximum
temperature at the exit, in a counter-flow cell the temper-
ature profile has a peak near the air channel exit and the
operation is characterised by higher average cell tempera-
tures and steeper local temperature gradients. Comparing
F|g§. 6 and 13t is observed that, under counter-flow op- 4. Conclusions
eration, and since the temperature close to the fuel channel

entrance is higheFg. 19, all the methane is fully reformed A dynamic anode-supported intermediate-temperature di-

) ; o o i
in the first 20% of the cell length, while in the co-flow case, rect internal reforming planar one-dimensional SOFC stack

methane is gradually reformed along the fuel channel Iength.model has been presented. The model developed consists

As C;I?CL:)SSGd afb<|)|ve, ter):perc?:ure g_rgdlenttrs] In a ﬁOFg ste:jcl& mass and energy balances, and an electrochemical model
needtobe carelullymonitoredto avoid any thermally INAuCed o rejates the fuel and air gas composition and temperature

to voltage, current density, and other relevant fuel cell vari-

1.00 1.35 ables. The electrochemical performance of the cell has been
analysed for several temperatures and fuel utilisations. Max-
0.97 1.20 . " .
/1 N imum power densities of 0.86 W ctA for a current density
0.94 / / \* open-cireuit voltage 1.05 of 2.1 Acni? and a cell voltage 0.42 V have been reported
091 N [ N O'%g for an undepleted fully reformed fuel mixture at 1073 K. The
> cathode act \ T\ T L steady-state performance of the cell as well as the impact of
5 088 ,’] "“‘v-«.ﬁ - cathode conc 0-75§ changes in inlet temperatures, fuel utilisation, average cur-
;S 0.85 1 H N — 0602 rent density, and flow configuration have been illustrated.
{ . \ = z The SOFC system studied operates at an output voltage of
082 r'/ I < 0453, 0.66 V, a power density of 0.33 W cr, and a fuel efficiency
0.79 /,,_a_ff'*f <L < 0.30 of 47%, when using a 10% pre-reformed methane fuel mix-
076 = < ?T‘ """ ols ture with 75% fuel utilisation, inlgt fuel and air temperatures
anode cone operating voltage of 1023 K, average current density of 0._5Ac?m and an air
0.73 — —— 0.00 ratio of 8.5. It has been shown that, for similar operating con-
00 01 02 03 04 05 06 07 08 09 10 ditions, SOFC operation under counter-flow of the fuel and air

Dimensionless axial position

gas streams leads to steep temperature gradients with a con-
Fig. 14. Predicted voltage, current density, and contribution of all the various Sequ_ent uneven current density dIStrlbUtlon’ and hence, is not
voltage losses along the cell length for the conditioriEgible 7for counter- considered the best mode of operation. The model presented
flow operation. is used, in a subsequent publication, to analyse the dynamic
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response of the described anode-supported IT DIR-SOFC to

possible load chang¢$9].
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