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A computer model for a high temperature fuel cell
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A computer model is developed for determining the performance characterisiigscrrent-voltage curves) of a solid oxide fuel cell.
The model determines the fuel/oxidant concentration, the temperature profiles and the current density along the fuel and oxidant chan
respectively. Then, the average of the local current density distribution is used to determine the current-voltage curves (IV curves) ovel
entire range of cell potentiale., from open circuit voltage to short circuit voltage.

Keywords: Fuel cells; electrochemistry; computer modeling.

Se desarrolla un modelo por computadora para determinar las ceticdsrde desemfie (e.g, curvas de corriente y voltaje) de una celda
de combustible déxido lido. El modelo determina la concentragide combustible/oxidante, el perfil de temperaturas y la densidad
local de corriente a lo largo de los canales de combustible y oxidante, respectivamente. Posteriormente, el promedio de éndistiidbuci
densidad de corriente se usa para crear las curvas de corriente-volataje en el intervalo completo del potencial de |adesidagl voltaje

de circuito abierto hasta el voltage de corto circuito.

Descriptores: Celdas de combustible; electrdmica; modelo computacional.

PACS: 82.47.Ed; 82.47.-a; 07.05.Tp

1. Introduction the polymeric electrolyte membrane (PEM) fuel cells. This
low temperature fuel cell uses a polymeric membrane that
Fuel cells are electrochemical devices capable of convertinggnducts protons from the anode to the cathode at relative
chemical energy into electricity by reversing the electrolysisgy, temperatures¥ 80°C) as long as the membrane is well
dissociation of water. Thus the byproducts of a fuel cell rehydrated [2]. The low operating temperature and the solid
action are water and depleted fuel (hydrogen and oxygeninemprane make PEMs ideal for portable applications such
Therefore fuel c_eIIs are re;garded as a pollution-free techno_las breathalyzers, cell phones, laptops, etc. Moreover, the low
ogy. The following equations are assumed to be relevant ifperating temperature will allow fast start ups if used in fuel
a fuel cell is operated with hydrogen and air as fuel and oxie|| cars. The most developed high temperature fuel cells are
dant, respectively [1]: the solid electrolyte fuel cells (SOFCs). SOFCs use a ceramic

. — _ lectrolyte (Yttria-stabilized zirconia) that exhibits high ionic
Anode : O~ — Hy0+2 1y ¢ y

H TP 2e @) conductivities at elevated temperatures {073 K) [3]. The
Cathode : %02 +2e — O™ (2) high operating temperature constrains SOFCs to stationary

applications, but allows the use of a variety of fuels such as
natural gas and carbon monoxide, unlike PEM fuel cells that
In the former equations, the electrolyte is assumed to carrpoison with ppm levels of carbon monoxide. The flexibility
oxygen ions from the cathode side to the anode side; thugf the fuel choice gives SOFCs the advantage of cogenera-
water is produced in the anode side of the cell. tion and bottoming cycles. In either case, low or high tem-
Fuel cells can be used in a wide range of applicationderature, fuel cells are attracting a lot of attention as an alter-
according to their operating temperature and type of elecbative clean-energy technology, in part to the predictions of
trolyte. For example, low temperature fuel cells can be use@il shortages in a few decades and the increasing evidence of
in portable devices or fuel cell cars, while high temperatureglobal warming due to greenhouse gases.
fuel cells can be used for stationary power generation. In ad- In this document, we present a simple, but useful, com-
dition, some application®(g, spacecraft industry ) require a puter model for predicting the performance characteristics
solid electrolyte so that the cell can be configured in differen{IV curves) of a solid oxide fuel cell. This simplified model
positions without risk of leakage or uneven distribution of theis based on a more detailed work previously published by the
electrolyte material. The most developed type of fuel cells ar@authors [4]. In summary, this model uses a more accurate

Cell : H, + 10, — H,0 (3)
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description of the activation and concentration polarization Channel
instead of semi-empirical correlations [5]. An extensive liter- 4
ature review of previous modeling-efforts and the advantages A
of this work can be found at [4]. Figure 1 shows a typical con- AL Vtm 7
figuration for a planar design of a solid oxide fuel cell. The g
bipolar plate shown in the figure serves as a structure for the®| L7 LT LT L] 1A
distribution of fuel and oxidant to the cell and also as current Bipolar plate
collectors (interconnects). The figure also shows the princi- A mmm 7
pal modes of flow distribution. In this paper the co-flow con- 7 m 7 m ‘
figuration is chosen for the sake of simplicity. Accordingly, TR

we present a 1-D, steady state, single-phase, non-isotherme | 1 1 1 1 =
model for a co-flow configuration using pure hydrogen and 8
air as fuel and oxidant. TV

Co—flow

\

T T

Counter—-flow

Cross—flow
e

FIGURE 1. Planar design of a fuel cell stack showing the principal
2. Description of the model modes of flow distribution: co-flow, counter-flow and cross-flow.
The diagram also shows the bipolar plate, the electrodes (A: anode,
The modeling of SOFCs, and fuel cells in general, involvesC: cathode) and the electrolyte (E) of a typical fuel cell stack.
the integration of the electrochemical reactions with the con-
servation of mass and energy. An electrochemical model will ~ Activation loss refers to the activation energy that needs
be presented first, and the integration with the conservatiof be overcome in order for the electrochemical reactions to
equations will be presented later in the paper. However, theroceed. Activation polarization can be determined by the
system of equations (electrochemical, mass and energy) mugtitler-volmer equation [5]
be solved simultaneously because the fuel/oxidant consump-  j anazF (o —=1nazF
tion and the energy distribution of the cell are related by the ;| =¢ <RT) o (RT) ®)

local current density. The simplifications of this model arewherej is the local current density,, is the exchange cur-
based on the following assumptions. Becaus.e SOFCs OP&lant density,« is the electron transfer coefficient,is the
ate at high temperatures the water produced in the system &ectron transfer per reaction, atidis Faraday’s constant.

always at gas phase (single-phase model). In addition, thﬂghe exchange current density,) is a measure of the elec-

model assumes that the fuel and oxidant are uniformly disgq aiaivtic activity of the electrodes. This model considers
tributed through each channel in the cell; thus the results fof, o 5 ctiyation polarization at both electrodes where the ex-

one channel are extended to the other channels. The reaCtiOEﬁange current density for each electrode is determined by
take place only at the electrode-eletrolyte interface, assuminﬁ;1e correlations provided by [6]

pure electronic conductors as electrodes. Ohmic polarization refers to the electronic and ionic re-

sistance through the electrodes, electrolyte and interconnects.

2.1. Electrochemical model Ohmic polarization is determined by Ohm’s law

Any energy-conversion system experiences irreversible no = Z 74 pi, @)

losses, according to the second law of thermodynamics. In i

the case of a fuel cell system, these irreversible losses, alsgherel; is the thickness of the componer(anode, cathode,

know as polarizations, are: activatiof), ohmic (o) and  electrolyte) ang; is the resistivity of componerit

transport losses)p). Therefore, the cell potential is deter- Finally, transport losses are associated with the resistance

mined by ideal cell potential minus the polarization terms, to the flow through the porous electrodes. For the case of

SOFCs with thick electrodesy( 200.:m), this polarization

E=E,—n0—na—np, (4)  becomes the rate limiting factor at high current densities and

o ] ] ~low fuel/oxidant concentrations. The transport or diffusion
where E,, indicates the maximum thermodynamic potential, n|arization is given by

and can be determined by the Nernst equation

D = _RT <yH2 yH20,|n> 7 ®)
RT Pu,0 2F YH20 YHa I
Eo=AG+ ﬁln Py P2 )7 ®)  where y; indicates the concentration of speciesn the
2 02

electrode-electrolyte interface ang, indicates the con-

whereAG indicates the Gibbs free energy,is the ideal gas ~ centration of species at inlet conditions. The electrode-
constant,T the temperature, ang; is the partial pressure electrolyte concentration can be calculated from the diffusion
of species.. Assuming a reversible reaction, the Gibbs free0f the gases through a porous medium using Fick's model, the

energy is determined from the enthalpy and entropy of th&lusty gas model, or the Stefan-Maxwell model. The dusty
reactions. gas model has been shown to produce more accurate results

for SOFCS [7.8].
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FIGURE 2. Polarization distribution as a funcition of temperature and current density for hydrogen and air as fuel and oxidant, respective
(a) Ohmic polarization, (b) Transport polarization, (c) Anode activation polarization, and (d) Cathode activation polarization.
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FIGURE 3. The diagram shows a segment of the fuel cell channel modéled ;. ..: indicates the energy due to the mass flow of reaction
products and reactants in and out of the fuel agll;— ¢, indicates the convective flux of the solid to the fuel/oxidant gasndicates
the heat due to conduction through the solid material; Epthdicates the molar flux rate of species

In Fig. 2, sensitivity to temperature and current density isthis polarization as we shall show later. Concentration polar-
shown for the three principal modes of polarization; the pa-ization, Fig. 2b, increases very quickly as the current density
rameters used in Fig. 2 are representative of a cell operatingcreases. At high current density, starvation of fuel becomes
at 80% of fuel utilization with a thick anodé.€. electrode- more significant and therefore the fuel flow towards the re-
supported cell) [5]. Ohmic polarization, Fig. 2a, increasesaction sites is reduced. Activation polarization, Fig. 2c-d,
very quickly as the temperature decreases and the curredecreases quickly as the temperature increases, and increase
density increases. The thickness of the electrolyte and theith the current density. For SOFCs, activation polarization
temperature will play an important role in the contribution of is more significant during the start-up process and less sig-

Rev. Mex. 5. E52(2) (2006) 119-125



122 E. HERNANDEZ-PACHECO AND M.D. MANN

nificant once the heat from the electrochemical reactions isvherec, ¢ is the specific heat of speciés(H,, H2O), hy

released into the system, and therefore the temperature risas.the convective heat transfer coefficient between the solid
A careful selection of the design of the cell and the oper{electrodes, electrolyte, bipolar plate combination) and the

ating conditions can reduce the amount of irreversible lossesuel, T’ is the solid temperature, afdy is the temperature of

For instance, by reducing the thickness of the electrolyte, théhe fuel gas.

ohmic resistance will be lower and the cell can be efficiently  Energy balance in the air channel:

operated at lower temperatures [9,10]. However, the use of

a thinner electrolyte requires thicker electrodes as support Zad(N cpaT), = ha (Ts — Ta) + cpoyno,Ta,  (11)

(electrode-supported cell). Electrode-supported cells can op- dx

erate at lower temperatures 073 K), reducing the thermal wherec, , is the specific heat of specie€Oz, Na), h, is the

sfcress_ |r_1duoed n _the oompon_ents of the”cell.; however d'.ﬁubonvective heat transfer coefficient between the solid (elec-
sion limitations will arise at high fuel utilization. Fuel uti-

L . odes, electrolyte, bipolar plate combination) and the air,
lization indicates the ratio between the fuel consumed amg y P P )

: . e . ndT, is the temperature of the oxidant gas.
fuel input to the system; a high fuel utilization translates into . .
. . : o ; Energy balance in the solid:
an economically efficient operation, and it is a desirable char-
acteristic for fuel cell systems. 42T,
ktm (de) = (Cp,HQOnHQO + hf + ha) Ts
2.2. Conservation equations
+ (¢p,0,m0, + ha) To + (cpHann, +hy) T —qs, (12)
This model comprises two channels, parallel to each other, P P 1
divided by the anode-electrolyte-cathode system. A diagraniherer: is the thermal conductivity of the composite mate-
of the energy and mass balances is shown in Fig. 3. Thgal, t,, is the thickness of the composite material, gnds

fuel channel contains a mixture of 90% hydrogéf() and  the heat generated in the electrolyte and is given by [12]
10% water. While hydrogen flows through the channel, it

also diffuses into the porous anode and reacts with oxygen _ Ts ASj
ions coming from the cathode side [see oxidation reaction B 2F

Eq.(1)]. This reaction releases electrons and produces Wat%/rhere the first term indicates the heat liberated by the re-

(Ni,0). The eloctrons _travel through an external C_:II’CUI'[ toaction and the second term indicates the heat generation by
power an electrical device and reach the cathode side. In th

X Shmic and activation polarizations.
cathode channel, the oxidamtg. oxygen,No,) flows along P
the channel and diffuses to the cathode-electrolyte interface
where oxygen reacts with the electrons released in the ano

to produce oxygen ions [see reduction reaction Eq.(2)]. Thel‘he system of equations described by Eq. (4) and

OXygen lons _then migrate to the anode side tthUQh the eIe<fE'qs. (9)-(12) constitute the entire set of equations needed
trolyte material. The overall process translates into a changI% determine the local current density distribution, anode

in the number of moles of reactants/products and a change Chthode and solid temperature profiles, and gas distribution

the distribution of energy along the channel, along the the fuel and oxidant channels. All the thermophys-

The mass balance in the fuel and oxidant channels is deféal properties were determined using the method of rational

itreur;n:)lrnlz C;a{]éhtﬁéllgl(g;g drggd;?;?;g?di%};%en and water enterépproximations [13]. The thermal conductivity of the solid
component was determined by averaging the thermal con-
dNH,.0,,H,0 1 ductivities of the individual components in relation to their
dx - ”H2v°2vH2°ZTa’ ®)  masses [14]. The heat transfer coefficient was calculated by
’ h = (Nukwmix) /Dy (@assuming a fully developed laminar flow
i A - in a channel with rectangular cross section), Nusselt number
ond air channels, and indicates the flux of speciésccord- ¢\ — 3.39 [15]) where D;, represents a characteristic di-
ing t0: —np, = —2n0, = 1H,0 = j/2F. _ameter of the channels, atghy is the thermal conductivity
The energy balance in the channels and the solid arg¢ he gas mixture (fuel or oxidant); the thermal conductivity
shown next. Here, the solid includes the electrodes, eleGsthe gas mixture was calculated according to the Mason and
trolyte and the bipolar plate and it is assumed to be a quasig,yena modification to the Wassilijewa method [16].
homogeneous material with respect to thermal conductiv- The boundary conditions for the mass conservation equa-
ity [11]. _ tions are the initial molar flux rates, and for the energy bal-
Energy balance in the fuel channel: ances the temperature at the inlet conditions in the fuel and
d (NCpT)f oxidant channels'. .F'or the energy equatioo in the solid com-
e hy (Ts — Tf) + ¢pH,0MH,0T s ponent, the two initial conditions are the inlet temperature
anddTs/dx = 0, assuming that the solid is insulated along
+eprnn, Tr, (10)  the boundaries.

+j(no +n4), (13)

3. Solution method

wherelN; is the molar flux ratez; , is the height of the fuel
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Eo0.16 (a) ~ dimensions: electrolyte thickness of 5001, anode and cath-
0 0.15 : ode thickness of SQm, respegtively. The anode—;upported
o 0.141 cell has the following dimensions: electrolyte thickness of
= R | 10 um, anode thickness of 2Qdm, and cathode thickness of
20.13° 1 40 pm.
~0.12 j In Fig. 4, the results for an electrolyte-supported cell are
- :0 0.5 1 1.5 5 3.5 3: shown. The main characteristic of this type of cell is the thick
’ electrolyte, which serves as a support for the electrodes. The
0.4 (p) thick. eIectrqute_ increases the ion_ic _rgsistance and t.herefore
ey ohmic polarization becomes the limiting factor. In Fig. 4a,
= 0.3 M0 the local current density increases downstream as a result of
~ 0.2 a constant increase in temperature along the channel. As the
9 e temperature increases (see Fig. 4d) the ionic resistance de-
.9. Blecl o creases and ohmic polarization) decreases as well (see
Fig. 4b). However, because only a slight increase in temper-
o 05 1 1.5 2 2.5 3 ature is observed, ohmic polarization decreases very slowly.
S S i R R ————— Thus the increase in local current density is driven by a com-
0.8 _ bination of a considerable decrease in activation polarization
0.6 X H2 (n.4) and a slight decrease in ohmic polarization; it was men-
= tioned earlier than activation polarization decreases quickly
0.4 x X 120 as the temperature increases (see Fig. 4c-d). Diffusion po-
0.2 02 larization ¢p) increased only at the end of the channel due
to the reduction in the concentration of fuel. The fuel and
0 0.5 1 1.5 2 2.5 3 oxidant concentrations (expressed as molar fractighsre
shown in Fig. 4d. Hydrogen and oxygen concentrations de-
860 crease because both are electrochemically consumed along
~ 850 the channel, while water is produced. The high concentra-
o gig tion of hydrogen at the end of the channel indicates a low
= 820 fuel utiIizgtion, which_ trans!a@es into the low values of cur-
o 810 rent density. Accordingly, it is clear than a longer channel
800 and higher temperatured. lower ohmic polarization) could
0 0.5 1 1.5 2 2.5 3 increase fuel utilization and reduce the total losses in the cell,

x, (cm) and consequently increase the overall performance of the cell.

FIGURE 4. Electrolyt ted cell. (a) Local ¢ density In Fig. 5, the results for an anode-supported cell are
. Electrolyte supported cell. (a) Local current densi o - B
distribution, (b) Polarization distribution, (c) Concentration of hy- shown. The principal characteristic of anode-supported cells

drogen, water and oxygen, (d) temperature profiles. Initial temper-'s’. the anode thICkn.ess’ which is thicker by one order of mag-
ature 1073 K, cell potential 0.50 volts. nitude than the thickness of the electrolyte or cathode. A

reduction in the electrolyte thickness help to reduce the ionic

The equations can be solved using any numerical tech€sistance; therefore, the cell can be operated at lower tem-
nique for systems of differential equatioresd, finite differ- ~ Peratures. On the other hand, the increase in anode thick-

we used Mathematic¢y. the channels because of the possibility of having fuel/oxidant

starvation. Figure 5a shows the local current density along

the channel. In this case, the values of the local current den-
3. Results and discussion sity were higher than for the case of an electrolyte-supported

cell. The higher local current density is a result of an al-
The operating conditions and design parameters are: cell porost negligible ohmic polarization (see Fig. 5b), and a bet-
tential of 0.5 volts, initial temperature of 1073 K (8@@), ter fuel utilization, represented by a substancial decrease in
hydrogen flow ratel0.0 x 107® gm s ! cm™2 (10% of the concentration of hydrogen (see Fig. 5c). The sudden
water was added to the fuel stream), oxygen flow ratedrop in local current density at the end of the channel relates
80 x 107° gm s~ ! cm~2 (air: O;/N, = 0.21/0.79), chan- to the increase in diffusion polarization; as the fuel concen-
nel height of 0.2 cm (air and fuel). A small square singletration reduces, diffusion polarization increases very quickly
cell is simulated with dimensions of 3 cn3 cm; thus the for relatively high values of current density (see Fig. 2b).
channel length is taken to be 3 cm. Two types of mem-Unfortunately, one disadvantage of anode-supported cells is
branes were analyzede. electrolyte-supported and anode- the substantial increase in temperature (from 800 to 1@CPO
supported. The electrolyte-supported cell has the followingee Fig. 5d. At this temperature, a slight mismatch in the
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thermal expansion coefficient for the different components 1
that make up the fuel cell could lead to fracture and conse- 0.9 -
quently short circuit the cell. The state of the art SOFC mate- g 5
rials comprise yttria-stabilized zirconia as electrolyte, niquel- &
yttria stabilized zirconia as anode, and strontium doped lan-5
thanum manganite as cathode. These materials have beeg 0.6

chosen, among other characteristics, because of their simila™ 0.5 -

thermal expansion coefficients. However, the materials used:s 0.4 |

to seal the cell€.g. mica or glass-ceramic systems [17]) do : ,
not posses such characteristics, and at high temperatures th ~ ©+3 ; B.I A.I B.II A.IT
thermal expansion of these material will induce considerable .
thermal stress to the cell; thus a reduction in temperature is
always a desired property for SOFCs.

0.7

0.1 0.2 0.3 0.4 0.5
i, (A em?)
FIGURE 6. IV performance curves. A.l anode-supported cell

at 700C, A.ll anode-supported cell at 800, B.I electrolyte-
supported cell at 80C, B.II electrolyte-supported cell at 900.

E 0.6 (2) Finally, the performance characteristics of the cell (IV
o' 0.5 curves) are shown for an anode-supported cell and for an
& electrolyte-supported cell, see Fig. 6. The IV curves were
< 0.4 created from the model by averaging the local current den-
. 0.3 sity at a fixed cell potential, and then the same process was
~ repeated for the entire range of cell potentia.(from open
o 05 1 1.5 2 2.5 3 circuit voltage to short circuit voltage). The results show
that by increasing the temperature (from A.l: 7Q0to A.ll:
0.4% (b) 800C°C for the anode-supported cell and from B.I: 8Q0to
> 0.3 T B.Il: 900°C for the electrolyte-supported cell, Fig. 6) the
. Bu2 performance qf the cell increases as .weI'I. At higher tem-
) Tp peratures, activation and ohmic polarization decrease; thus
§ 0.1 7 higher potentials are expected. However, at high current
0

densities, diffusion limitations from the anode-supported cell
become apparent in the form of a quick drop in voltage
(Fig. 6-A.11). The IV curves for the electrolyte-supported cell

(Fig. 6-B.1 and B.II) show a lower performance with respect

o
o
wl
=
=
.
o
N
N
v
w

0.8
to the anode-supported cell, even if the cell is operated at a
se 040 higher temperature (Fig. 6-B.1l vs. Fig. 6-A.lI).
0.4
0.2 4. Final Remarks
A computer model was developed for determining the local
1100 current density distribution, the temperature profiles, and the
1050 gas concentrations along the channels that make up a single
sy e cell. In reality, single cells are piled into stacks to produce
- o the desire power. Nevertheless, the model presented here can
~ 900 be extended, assuming a uniform flow rate of fuel and oxi-
£ 850 dant to all the channels in a single cell and in the stack. The
800 model comprises a system of six differential equatiares (

0 0.5 1 1.5 2 2.5 3 mass and energy conservation) and one algebraic equation
(i.e. electrochemical potential). A solution to this system
was implemented with Mathemati¢h

The results showed that anode-supported cells gave a bet-
FIGURE 5. Anode supported cell. (a) Local current density dis- t€f performance in terms of higher local current densities
tribution, (b) Polarization distribution, (c) Concentration of hydro- @nd higher IV curves. The performance of an electrolyte-
gen, water and oxygen, (d) temperature profiles. Initial temperaturesupported cell improved at higher temperatures, but still was
1073 K, cell potential 0.50 volts. lower than the anode-supported cell at a lower temperature.

x, (cm)

Rev. Mex. 5. E52(2) (2006) 119-125



A COMPUTER MODEL FOR A HIGH TEMPERATURE FUEL CELL 125
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