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SOLID OXIDE FUEL CELL STACK OPTIMIZATION USING MULTI-PHYSICS
NUMERICAL MODEL
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NiO/10Sc1CeSZ/LSM membrane-electrode assembly (MEA) was prepared using screen printing
technology. A series of current-voltage characteristics was measured. Using experimental data a
numerical model of SOFC stack was composed in COMSOL Multiphysics finite element analysis
software. Distributions of temperature, reactants concentrations, gas pressures and velocities
were calculated. It was found that high heat exchange efficiency in gas distribution domains of
the stack suppresses the dependence of temperature variation amplitude in the reaction zone on
the temperature of input airflow. This allows to lower the rate of input airflow avoiding signifi-
cant growth of temperature gradients across the stack. It was also shown that the main pressure
drop on the stack is due to generation of vortices in the input manifold and not to laminar flow
losses.
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INTRODUCTION

During the past decades the developed countries have made many efforts to reduce the percent-
age of traditional energy sources in overall energy balance as well as to increase the energy effi-
ciency. The reasons lie in growing energy demands together with finiteness of fuel deposits:
newly discovered volumes cannot level with the consumption rates. Besides their development
complexity and costs grow rapidly. The environmental health aspect has the same degree of im-
portance. The tendency for the “green” economy is quite strong and is manifested in different
industries. In automotive it is seen as gradual ban of diesel engines and rise of electric and hybrid
vehicles [1]. In energetics it is growth of smart greed solutions and shift to distributed renewable

energy production. Japan has started an ambitious project of transition to the “hydrogen society”
by 2020 [2].

Solid oxide fuel cells technology has a great potential due to high energy efficiency and purity

compared to traditional ones. It bases on the galvanic process, in which the electrolyte is solid,
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conducts only O% and forms a membrane between the oxidizer, typically air, from the one side
and fuel gas from the other side. The process at the electrodes takes place as long as air and fuel
gas are separately fed to the cell. As a result the cell produces the electrical energy, heat, steam
and CO». The working temperature of such devices varies in the range 600-900°C based on the
materials and structure used [3]. As for the fuel, it may be either pure hydrogen or syngas, a
product of hydrocarbons complete or partial reforming, containing Hz, CO and certain amounts
of CH4. Electrochemical fuel oxidation does not lead to formation of poisonous nitrogen oxides
at these temperatures in contrast with conventional fuel burning. The efficiency of the cell is lim-
ited not by the Carnot cycle but by the oxidation Gibbs free energy divided by the heat of com-
bustion [4]. Hence, the energy efficiency for natural gas can potentially reach 70% which is ex-
tremely rewarding.

The fuel cell always contains three main parts: electrolyte membrane and two electrodes, anode
at the fuel side and cathode at the air side. Therefore, the cell is often named membrane-
electrode assembly (MEA) to distinguish certain item from the technology name. The typical
operating voltage of a cell is 0.7-0.8 V, typical current density 0.2-1 A/cm?. MEAs differ in ge-
ometry and mechanical support. The main geometry types are planar and tubular [5] while the
supporting role may be assigned for either the electrolyte membrane, anode, cathode or special
external layer [6]. In this paper we focus on the planar electrolyte-supported cells (ESC) since
they are developed in ISSP RAS. The sizes of planar MEAs, which can be found in industry, are
usually not far from 10x10 cm. MEA thickness varies from 0.12-0.15 mm for the ESC design to
about 1 mm for other support types.

For energy production the MEAs are stacked together by 20-60 pieces. It leads to multiplying
the voltage up to values suitable for practical use.

PURPOSE OF THE ARTICLE

During the operation of the SOFC a lot of phenomena take place: electrochemical reactions,
transport of mass, charge and heat. Each transport phenomenon induces a problem, which should
be solved for obtaining the corresponding flux distribution. But they are not independent. Reac-
tion thermodynamics strongly depends on the gas species concentration which in turn hinges on
the reaction rate. The heat is produced by electric currents and reactions and drown by gas flows.
Almost all important properties depend on the temperature: electric and heat conductivity, densi-
ty, viscosity, reaction kinetics, etc. For the SOFC system in general case those three transport
problems should be solved simultaneously in close connection which makes the analytical ap-

proach practically impossible.



Meanwhile the accurate solution is in demand, because the temperature distribution makes strong
influence on degradation processes, mechanical stresses, overall stack efficiency [7]. It is im-
portant to keep temperature gradients low to increase lifetime of fuel cells and avoid cracks for-
mation. The experimental investigation needs many efforts, funding, and is greatly complicated
by high temperatures and sealing obligations. Thus, the best choice for the stack optimization is

verified computational model [8].

EXPERIMENTAL PART

Electrolyte-supported MEA was made by electrode deposition on ceramic electrolyte plate using
screen printing technique. Plates of ceramic electrolyte were prepared in the following sequence:
1) preparation of ceramic slurry 2) ceramic tape casting 3) tape drying 4) lamination of stacks 5)
removing bundles 6) sintering [9]. Electrolyte gains mechanical stability during the sintering
process at 1500 °C. At this temperature the density of resulting electrolyte is maximal. Chemical
composition of electrolyte was as follows: 10%Sc.03 1%CeO, 89%ZrO., the thickness was 250
um. Anode and cathode were deposited by screen printing technique followed by sintering.
HERAEUS V-006 was used as binder for screen printing pastes. Both electrodes were build in
two layers: functional and current collection layer. Anode functional layer of 15 um thickness
consisted of 40 wt.% NiO and 60 wt.% 10Sc1CeSZ. Anode current collector layer (ACCL) of 30
um thickness contained 60 wt.% NiO and 40 wt.% 10Sc1CeSZ. After anode deposition the plate
was fired at 1380 °C. Then cathode was deposited. Cathode functional layer of 15 pm thickness
contained 60 wt.% (Lao.sSro2)o.9ssMnOs and 40 wt.% 10Sc1CeSZ. Cathode current collector
layer (CCCL) of 30 um thickness was consisted pure (Lao.sSro.2)oesMnQOs. After cathode deposi-
tion the plate was fired at 1100 °C.

Current-voltage characteristics were measured on a button cell of 21 mm diameter.

Four-probe method was applied for the measurement using potentiostat/galvanostat. Platinum
mesh and wiring were used to connect MEA to potentiostat/galvanostat [10]. Air and fuel flow
rates were high enough to assume uniform concentrations of chemical species across the button
cell surface.

Aforementioned characteristics provide us enough information on electrochemical transport to

build a numerical model of the fuel cells stack based on this MEA.
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Fig. 1 Current voltage characteristics of ESC.

NUMERICAL MODEL

Nomenclature

N
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Universal gas constant

Faradey constant
Temperature

Heat flow

Density of electronic current
Effective gas flow speed
(here and further index g

stands for air or fuel)

Pg

Hg

D

Density of gas g

Dynamic viscosity of gas g

Pressure of gas specie i

Height of layer correspond-
ing to one SOFC in stack

Thermal conductivity matrix

of effective body

1. Geometric setup

The model is composed in COMSOL Multiphysics finite-element analysis software [11] based

on the stack design of a prototype crossflow SOFC, which is being developed in ISSP RAS.

Model consists of SOFC stack, air and fuel supply pipes and thermal insulation.
Stack includes of 34 MEAs alternated with Crofer 22APU steel interconnects (Fig. 2) and high-

temperature glass-ceramic sealing compound [12]. Stack is compressed between two thick 20

mm Crofer 22APU steel plates to ensure sealing.

Reactants reach the MEA electrodes through the channels milled on the plates surface. The

channels width is small enough to assume lossless current collection (Table 1).



We do not define the channels explicitly in our model to reduce computational effort. Instead, we
divide our stack into virtual media domains accounting layered structure by effective parameters
such as porosity, anisotropic thermal and electric conductivities etc.

Fig. 2 Membrane electrode assembly and interconnect plate. Width and depth of channels are

doubled for visualization. All dimensions are in millimeters.

Table 1 Dimensions of key components of the reaction zone

Stack component Thickness/Width
Glass-ceramic sealing 150 pm
Steel interconnect 2,3mm
Electrolyte membrane 250 um
Electrodes 45 um
Air channels 0,8 mm/2 mm
Fuel channels 0,4 mm/2 mm

Thus, we have virtual media of six types: 1 — reaction zone; 2 — gas distributor; 3 — stiffening

bridges; 4 — outer frame; 5 — end plates (Fig. 3); 6 — air and fuel supply manifolds (not dis-
played).
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Fig. 3 Stack with domains of various virtual media denoted. All dimensions are in millimeters.

Air and fuel supply lines were assumed to be welded to the upper end plate (see Fig. 4).
Parameters of 50 mm-thick PROMALIGHT-1000X was used to model thermal insulation.

-100-100

Fig. 4 Outline of full model. Part of insulation is hidden. All dimensions are in millimeters.
2. Physical model
A. Heat transfer

Temperature distribution is given by heat equation in porous media:



q = —k,VT

Here summation (index g) runs over gases flowing through the media — air or fuel. Q, stands

for heat dissipation due to thermal effect of reaction and ohmic heating.
g - - -

C, is specific heat of gas flowing through the channels.

Thermal yield of hydrogen oxidation reaction is proportional to the current density in MEA and

entropy change during reaction:

J _ .
QT=—ﬁTAS=]*Uq

Using tabulated values of entropy change during hydrogen oxidation, values of U, was found at

1000 K, 1100 K u 1200 K. Then we approximated U, by following linear function:

Uy = ~0,0282 + 3,15 « 10 « T- L In ( Pz pﬁ)

szO Po

Specific heat of gas mixtures were calculated as average specific heat of components with mass
fractions as weights. One can neglect heat conductivity of gases in porous media, in comparison
to that of steel. Heat conductivity matrix k,, is anisotropic in virtual media 1,2,3 and 4 due to

laminated structure of stack and presence of gas channels (Table 2).

Table 2 Components of thermal conductivity matrix (%) at 780 °C.

k3* kzyjy k%?
Reaction 14,8 13,5 9,0
zone
Air distribu- 18,3 16,0 8,5
tor
Fuel distribu- | 19,5 | 20,4 9,6
tor
Stiffening 16,1 16,1 0,1
bridges (air)
Stiffening 20,0 | 20,0 0,1
bridges (fuel)
Outer frame 23,9 23,9 10,9

Surface-to-surface radiative heat transfer was accounted for within the manifolds.



B. Charge transfer

Distribution of electric current is given by charge conservation law

and electrochemical transport equations with anisotropic conductivity matrix:

. Vil
j=-0 =—o(Vg +

Urev)
Zp2- hl

Here Vfi is electrochemical potential [13], z,2- is charge of 0%~ ion (= —2e), U,., is output
voltage of single SOFC in open circuit regime. U,.,, is defined by local temperature and concen-
trations of reactants.

Conductivity depends on the value of electric field nonlinearly. We obtained this dependence
from experimental current-voltage characteristics (see Fig. 1). Using following approximation

functions
, U
L= —_g
B+ Ae b
current-voltage characteristics could be fitted accurately. Here A, B and b are fitting parameters
and depend on temperature (see Table 3).

Table 3 Fitting parameters of current-voltage characteristics

800°C 850°C 900°C
2,87584 | 2,08166 | 1,29107
0,33113 | 0,23256 | 0,1548
0,54941 | 0,48132 | 0,37532

C. Transfer of chemical species.

Equations stated in next two sections are gas-specific, index g is omitted for brevity.
Fuel is mixture of H2 and H>O and air is approximated as mixture of N> and O». To find the evo-
lution of gas mixtures chemical composition across the stack the following equations was used:

V-, +p-Vw; =0

Ji = —Pwiz: Dyydy
X



— 1
di = Vx; + ; [(xx — wi)Vp]

7, — relative mass flux of specie i.

D) — Fick’s diffusion coefficients

d; — diffusional driving force
x, — mole fraction of specie k
M; — molar mass of specie i.

Gases are assumed to obey ideal gas state equation:

p
p= EE x;M;
L

Dynamic viscosity of gases were calculated based on molecular kinetic theory[14]:

= z Xili
— 2. X ij

S=

bij =

e—
N =

[3(1+ %)

Here y; is dynamic viscosity of specie i.
D. Fluid flow

Dynamics of air and fuel in supply manifolds is governed by Navier-Stokes equations with iner-

tial term:

> 2 >
p@ V)i =V- (—pl + (Y + (VD)) — S (V- a)z)
V-(pu) =0

In the reaction zone and gas distributors one can neglect all dissipative terms except wall fric-

tion:



V- (—pf) = pk~1u
Vi = Qy

Here Q,, is density of gas volume generation rate. k is permeability of corresponding virtual me-
dia.

RESULTS AND DISCUSSION

A typical temperature distribution is presented on Fig. 5. One can observe abrupt increase of air-
flow temperature at the entrance of air distributor. This is due to high efficiency heat exchange in
the shallow air channels of distributor. To confirm this behavior we simulated independently
temperature distribution in a single air channel Fig. 6.

One can see that the temperature of input airflow equilibrates with the temperature of device
within thin layer of 5 mm thickness.

This fact leads us to interesting consequences. It appears that one can lower amount of air needed
to cool the stack by lowering temperature of incoming air.
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Fig. 5 Temperature (K) distribution in median section of the stack. The reference level is 780 °C.
Voltage of 0.75 V on MEA, current 20 A, fuel utilization 65%. Fuel consists 97% H> 3% H-O.
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Fig. 6 Temperature distribution in one of the channels of air distributor. Air flows from left to
right.

At first sight, lowering the air temperature seems to increase severely temperature gradients
across the stack. However, our simulation shows that range of temperature variation inside the
stack grows much slower than temperature difference of output and input airflow (Fig. 7). Ener-
gy losses for air pumping through the stack depend severely on airflow rate (Fig. 7). Thus, low-

ering the temperature of input airflow could help to increase efficiency of the stack.
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Fig. 7 Dependence of temperature variation range across reaction zone (black squares) and ener-
gy losses for pumping air through stack (red squares) on difference of temperature of air outflow

and inflow.

On Fig. 8 we present the amount of energy dissipated by air in the stack on average air velocity
in the air supply line. This curve was obtained by variation of the air pipes diameter keeping air
inflow rate constant. Red line is inevitable amount of energy needed to overcome viscous wall
friction of air in channels of reaction zone and air distributors. One can see that dependence of
energy losses is nonlinear Fig. 8. This is due to generation of vortices in the input air manifold of

stack.
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Fig. 8 Dependence of energy losses for pumping air through the stack on the average air velocity
in the input air pipe. Here d is the diameter of input air pipe.

Therefore, for the stack efficiency it is important to choose diameter of air supply line large
enough. This is important also for the following reason. To distribute reactants uniformly one
should provide uniform distribution of air pressure in input and output chambers of stack. Since

the variance of pressure is mainly defined by inertia of airflow (see Fig. 9) the air velocity
should be as low as possible.
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Fig. 9 Dependence of air pressure variation range in the input manifold on the average air veloci-
ty in the input air pipe.



CONCLUSIONS

Electrolyte-supported SOFC was prepared in a form of button cell 21 mm in diameter. Series of
current-voltage characteristics were measured. Using experimental data a numerical model of
SOFC stack was composed. Distributions of temperature, reactants concentrations, gas pressures
and velocities were calculated. It is shown that in order to increase efficiency of stack and uni-
formity of reactants distribution one should increase the diameter of air supply line to suppress
vortices generation in the input manifold of the stack. High heat exchange efficiency in the stack
gas distribution domains leads to the following effect: dependence of temperature variation am-
plitude in the reaction zone on temperature of input airflow is weak. The temperature difference
over the stack is significantly not equal to the temperature difference between outflow and in-
flow gases. Depending on the conditions, it may be even 2 times lower. Provided that the stack
has certain limitation for the temperature variation this allows one to lower the rate of input air-
flow thus lowering losses for pumping of air through the stack, compared to the assumption of

comparable temperature drops over the solid and gas phases.
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OIITUMM3ALIUSA BATAPEU TBEPIOOKCHHBIX TOIIJIMBHBIX 9JIEMEHTOB C
MOMOIIBIO MYJIbTA®U3INYECKON YNCJIEHHONU MOJEJIA
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Membpanno-snexkmpoonsiii orox(MOBE) NiO/10Sc1CeSZ/LSM 6bir uzeomoenien ¢ nomowwio
mexuono2uyu mpaghapemuou neuamu. bvin uzmepen pso 601bm-amnepHuix xapakmepucmuk. 1o
IMUM OAHHBIM ObLIA NOCMPOEHA YUCTIEHHASE MOOeb bamapeu monauuvlx snemenmos 6 110 ons
koneuno-anemenmuuvlx pacwemos COMSOL Multiphysics. bvuiu natioenst pacnpeoenenusi mem-
nepamyp, KOHYeHmpayuii peazenmos, 0deieHuss u ckopocmu 2a3zo8. buvlio obnapysceno, umo
8bICOKASL dhhexmusHOCmb MenioooMeHa 6 2a30paAcnpedesumenbHbIX 30HaX bamapeu nooasisi-
em 3a8UcCUMOCmb pazopoca memnepamyp 6 30He peakyuu om memMnepamypovl 6meKanueco 6
bamapero 6030yxa. Imo no36onsem NOHUUMb KOIUYECMB0 8030YXd, UCNONb3YEMO20 O/l OXla-
JHcoeHuss bamapeu, He Y8enUuU8as 3HA4UmMenbHo 2paoueHmos memnepamypul 6 bamapee. Takarce
NOKA3aHO, YMO OCHOBHOU nepenao 0asleHuss 8030yxa Ha bamapee 00ycl08leH 0Opa308anuem

suxpetl 60 6X00HOU Kamepe, a He NOMepAMU HA 653K0e MpeHue 8 30He peakyuu bamapeu.

Knrwoueewie cnosa: TOTI, COMSOL, snexkmponum-noodepascusarowas siuetika, oamapes TOTO,

ebluyuUcCIUmMeENbHAA eudpoduﬂamuka



