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Nomenclature
1. current produced by the fuel cell, A
e cell current density, mA /cm?
Uy cell fuel utilization factor
U, cell air utilization factor
S/C steam/carbon ratio
m mass flow rate, kg/s
n molar flux rate, kmol/s
Mj, molar mass of substance k, kg/kmol
L cell power output, W
Q external heat flux, W
i specific enthalpy, kJ/kg
mi molar enthalpy, kJ/kmol
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Abstract High temperature fuel cells of the solid oxide type (SOFC) are
simple electrochemical devices that operate at 1000 °C and are capable of con-
verting the chemical energy of natural gas to AC electric power at approxi-
mately 55-60% efficiency (net AC/LHV in atmospheric pressure). In this paper,
a zero-dimensional model of a single tubular SOFC with internal reforming of
hydrocarbons is proposed which has been both numerically implemented and
parametrically analyzed.
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Cp — molar heat capacity, kJ/(kmol K)
T —  temperature, K
prey, —  pre-reformer fraction, %
Ve —  cell voltage, V
F — Faraday constant, F' = 96439 C/mol
Ah — molar enthalpy change, kJ/kmol (reaction heat)
T —  CHy rate of reaction, kmol/s (reforming)
i —  CO rate of reaction, kmol/s (shifting)
z —  Hy rate of reaction, kmol/s (electrochemical)
K — equilibrium constant
P —  pressure, bar
A —  cell active area, m?
L —  characteristic length of tubular cell, m
Ra —  universal gas constant, Nm/(kmol K)
R — resistivity of material,
AG —  Gibbs free enthalpy change, J/kmol
SOFC - solid oxide fuel cell
LHV — lower heating value
CFM - Computational Flow Mechanics (based on 0D models)

Greek symbols

Qrec fuel recirculation ratio

e —  ejector efficiency, %

Nel — electrical efficiency (LHV)

p — electrical resistance, 2cm
Subscripts

f - fuel

a — air, anode

¢ — cathode

k — chemical species

e — exhaust, outlet

i — inlet
1 Introduction

Among the SOFC technologies, tubular SOFC stacks with internal re-
forming have emerged as one of the most mature technology. In particular,

they

are promising for their high operating pressure and temperature that

makes them suitable for integration with a gas turbine (Fig.1) in a hybrid

cycle

power system (cogeneration, trigeneration, etc)[1,2,3]. The tubular

SOFC technology, mainly developed by Siemens-Westinghouse is based on
a pressurized SOFC generator that operates on recuperative heated process
air supplied by a compressor.
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Figure 1. SOFC gas turbine hybrid system.

The flux of the exhaust gas leaving the pressurized SOFC can be further
utilized in gas turbines both, which operate at elevated pressure or at under-
pressure [12]. Also, for a given cell operating current, the cell voltage, the
cell power output and efficiency increase logarithmically with pressure [1,2].
Other SOFC technologies (planar, monolithic), have been developed up to
smaller scale, and are still in a much early development stage [3].

In the last years several thermodynamic models of tubular SOFCs have
been developed and tested. These are based on different levels of description
and can be naturally divided on four groups [11]:

e three dimensional models (3D): Gemmen, Rogers (2002),
e two dimensional models (2D): Iwata et al (2000),

e one dimensional models (1D): Bessette (1994), Gemmen, Rogers(2002),
Chow, Wyszynski (2002),

e zero dimensional models (0D): Campanari (2001), Kimijima, Kasagi
(2002), Massardo, Lubelli (2000).

The reason to develop a zero-dimensional model lies in the need of hav-
ing a model of SOFC, which can be implemented within the CFM codes
like, for instance, COM-GAS [10,11]. COM-GAS code is similar to the
Aspen Plus code. Therefore, the aim of our work is to develop 0D model
of the tubular pressurized solid oxide fuel cell with internal reforming and
post-combustion. The CFM (Computational Flow Mechanics) requires an
algebraic integral formulation of typical balances: mass, momentum, and
energy and the stoichiometric or equilibrium models of reactions. The ob-
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tained model must be easy to be integrated into the COM-GAS code, which
has recently been used for complex thermodynamic and energy analysis.

2 The SOFC mathematic modelling

For the development of a 0D model the following main assumptions are
employed to simplify the hybrid cycle calculations [3,4,8]:

e steady state operation is considered,
e gases do not leak outside the system,
e adiabatic cell — heat loss is negligibly small,

e relative pressure loss remains constant — therefore the momentum
equation is reduced to the pressure drop,

e equilibrium of reforming and shift reactions,

e temperature of the anode outlet equal to the cathode stream temper-
ature,

e internal distribution of temperature, gas composition and pressure in
each component is not taken into account,

e O3 ion transportation is responsible for electrical current flow,

e in the combustion chamber residual chemical species from the anode
and injected methane are burned completely,

The fuel utilization Uy coefficient, the air utilization coefficient U, and
the pre-reformer fraction pre,., and the fuel recirculation ratio o.. are
considered as input values. The current I, (A = C/s) is easy to be evaluated
since, when one mole of Hy reacts with oxygen (0, 5037) in one second, then
the corresponding electric load is 2 - 96439 A. Sometimes, in the literature,
instead of the fuel recirculation ratio, the steam/carbon ratio S/C' is defined
as the mole fraction of steam in the recirculated anode exhaust gas to all

combustible species, which implicates that carbon is present in supplied
fuel [2].

3 Solid oxide fuel cell model

In Figure 2 is shown the schematic of tubular SOFC that contains the
mixer, the ejector pump, the pre-reformer, the SOFC tubular stack, the air
preheated and the post-combustion chamber.
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Figure 2. A lay-out of the tubular SOFC.

3.1 Basic balances within the external control volume

In order to verify the local balances for mixer, pre-reformer, SOFC stack
and combustion chamber one must write down the following basic balances

for the entire control volume.

Mass balance:

M fuel + Mair = Mezhaust

where the particular mass fluxes are defined to be:

fr
mf'U‘EZ = MCH4 : hCH4,f + MH2 : 7;LH27f + o = ZMk . ’]’kaf

1

ag

Mair = MN2 : hNg,a + ]\402 : 7'”L027a + o = ZMk . hk,a
1
ek
Meghaust = MHQO . 7;LH207e + M002 . hCOg,e 4+, — Z Mk . hk,e
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Above, the following denotations have been used:
n,  — the molar flux of substance k,
M;, — the molar mass of substance k.

Energy balance:

mfuel : ifuel + Mair * tair — Lel + Qeac = 'exhaust (5)
where:
Mfuel *Tfuer  — the flux of physical and chemical enthalpy of the fuel,
Mair * bair — the flux of physical enthalpy of the air,
L — the cell power output,
Qex — the flux of external heat (supplied or obtained),
Levhaust — the flux of enthalpy of exhaust flux gases.
3.2 Mixer

After clean up of sulphur components and mixing with primary steam,
the pressurized natural gas is fed via a jet pump into the pre-reformer where
the higher hydrocarbons and some percentage of methane are reformed.
This is done with the help of steam coming from the stack outlet, which is
re-circulated by the jet pump (ejector). Therefore the mixer is an ejector
where the fuel and recycled anodic flow rate are mixed before entering the
pre-reformer. The anodic flow is a gas at high temperature coming from
the anode, which consists of CO, CO,, Ho, HoO and another chemical
species, which are the products of reforming reactions occurring within the
pre-reformer.

Writing mass and energy balances within the mixer we assume that, due
to specific construction of the ejector, the recirculation number is known. It
is usually equivalent to a steam/carbon ratio, which is defined as the mole
fraction of steam in the recirculated anode exhaust gas to all combustible
species, implicate carbon, in supplied fuel (Fig.2):

1,0
S/C = -3 (6)
nen, tNco
Knowing S/C ratio one can calculate the fuel recirculation ratio a;... which
is used for definition of molar fluxes at inlet 2-2:

n22 = Qipec - hZ’a, k = CH4, Hy, H,0, CO, COy (7)
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where the superscript e means exhaust of the anodic part of the tubular
fuel cell. If the index 1 refers to the fuel flow rate and index 2 refers to the
recycled anodic flow rate the equations of mass and energy balance being
the simple mixing process are:

Mass balance: (e — exhaust, ¢ — inlet of the mixer)

n§ = nzl + n;f k = CHy4,Hs, Hy, O, CO, CO, (8)

Energy balance:

v , e ‘ Tk
Soaptomigt + 30 mipt = ne - > ng - mif, (9)
1 1 1
mii}l — the molar enthalpy of inlet fuel,
miZZQ — the molar enthalpy of the exhaust anodic gas,
mif  — the molar enthalpy of mixture.

In energy equation (9) the exhaust temperature 7°¢ is the unknown to
be calculated. Molar physical enthalpies are taken from the Janaf tables
[10] or the idealization that mi = C)-T. The nozzle isentropic efficiency of
ejector is usually equal to . = 0.92.

3.3 Pre-reformer

From the mixer the gaseous mixture enters the pre-reformer, which is

a typical catalytic reactor where hydrogen and carbon dioxide are pro-

duced from methane and steam. The reforming/shifting reactions are as
follows [5]:

CHy (2) + H2O <> 3Ha + CO  (reforming) (10)

CO (y) + H50 < Hy + CO9 (Shifting) (11)

It is common to assume that only a part of mole fraction of methane takes
the reforming reaction. Therefore, in order to calculate the molar part of
flux of methane %, which reacts in the reforming reaction, it is necessary
to know a typical value of percentage of methane, which is able to react in
the reformer (for example pre, = 10 — 15%).

@ = pre; gy, (12)

where: n¢yy, (pre-reformer) = ngy, (mixer).
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The CO-shift reaction is considered to reach thermodynamic equilib-
rium, with an equilibrium constant calculated at outlet pre-reformer tem-
perature T

Kpspigt (T¢) = 221102 (13)
NH,0 - CO
Let ¢ denote the moles of CO, which react in the shifting reaction. Then
using the definition of equilibrium reaction one can calculate 7.
Then, keeping in mind that the energy balance for the reformer should
include additional input and output contribution due to reforming reaction
Ahyer and to shift reaction Ahgp; i, we write down both balances as follows:

Mass balance:

e, = e, — 4 (14)
nf, =i, + 3@ + 4, (15)
1,0 = M0 — & — ¥, (16)
ngo = oo + & — 4, (17)
G0, = g0, T U- (18)

Energy balance:

New, - Micy, + My, - Mity, + Mo - Mif,o + Mo - Migo+
+rh'iCOQ : miiCOQ —T- (Ahref) - Z-/ : (Ahshift) = (19)

= Ngp, - MicH, T N, - M, + Lo - Mig,ot

+néo - Migo + NGo, * MG,

This last equation allows us to calculate the outlet temperature of gases
T¢. The value of the equilibrium constant K, ;¢ is approximately given
by [4]

log Kpshift =A-T*+B-T*+C-T*+D-T+E (20)

with the constant coefficients given in Table 1.
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3.4 Tubular Fuel Cell (anodic side)

Leaving the adiabatic pre-reformer the gas/steam mixture is fed to an
internal reforming zone where all methane is reformed, using the heat of the
electrochemical reaction zone for this endothermic reaction. The reformed
gas enters the reaction zone (Fig. 2) at the closed end of the cell. The
reactions considered inside the cell (anode side) are as follows:

CHy (2) + HoO — 3Hg + CO  (reforming), (21)
CO (y) + HoO — Hy + COy  (shifting), (22)
Hy (2) + 0?" — Hy0  (electrochemical). (23)

The unknowns &, ¥, Z can be calculated from the assumption of equilibrium
reactions. However, 2 is known from the given value of the fuel utilization
coefficient Uy [8].

z

U= — — — 24
f Ny, + Neo +4 - ey, (24)
where 4 is the number of Hy moles generated by each CH4 mole (three by the
reforming and one by the shift reaction). The variable Z is the number of Hy
moles, which react in electrochemical reaction. The variable & is the number
of CHy moles, which react in the reforming reaction. All methane reacts
in this reaction. To evaluate the CO mole (y) the equilibrium constants
K, shift should be put as a known function of temperature [7]:
NH, - VCO
Ky shire (T°) = ——F=2 25
p,shift ( ) ,,:lHQO “heo ( )
where the equilibrium constant K, s+ can be directly correlated to the
temperature as [4]:

log Kpshist=A-T*+B-T*+C-T*+D-T+FE (26)

and the constants value are [7]: and temperature 7" is taken as the outlet
temperature T°¢. The outlet temperature T is calculated by means of an
iteration until the compatibility of the right and left side of the energy
balance (32). The mass balance between inlet and exit (see Fig. 2) of
anodic side SOFC is given to be:

néy, = ey, — % =0, (27)
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Table 1
Shifting constants
Shifting

A 5.470 - 10712

B —2.574-1078

C 4.637-107°

D —3.915-1072

E 13.209

ifr, =Ny, + 34+ 79— 2, (28)
fif,0 = o — & — ¥+ 2, (29)
nGo = ico — ¥+ 4, (30)
G0, = Mo, + U (31)
The balance of energy on the anodic side is given by:
g, - Mic, + M, - Mily, + Mo - Mif,o + Moo - Migo+
ik, - Mitg, — Lt — & (Ahyes) — 5+ (Ahgpigs) + (32)

. . . e . e .
—%- (Ahg) = ném, - Mgy, + N, - Mif, + Ni,0 - MifLo

> € N > € N
+nco . m'LCO + n002 . m2002

where:
L — the cell electrical power,
Ahpep, Ahgpife, Ahey  —  the heat of reactions, respectively,

The cell electrical power

The cell electrical power is calculated as the product of cell current I
and the cell electrodes voltage V,

Lo =1I.-V. (33)

Since, when one mole of Hy reacts in one second the corresponding current
generated is 2 - 96439 A. Thus:

I,=2-iF (34)
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where F= 96439 C/mol is the Faraday constant.

Usually, in the literature the smaller quantity is used- the current den-
sity i = I./A (1000-2000 A /m?) where A=834 cm? is the electrode area of
tubular Siemens-Westinghouse SOFC [1].

The evaluation of electrodes voltage V. is most difficult part of mod-
elling process. In general, calculation of the cell voltage is performed as a
function of the current density, operating temperature, operating pressure
and reactant and products composition. Then, the voltage V. is calcu-
lated as a difference between the reversible ideal Nernst potential V,. and
irreversible potential Vj;.,:

‘/c - Voc - ‘/z’rr (35)

Since the cell Nernst voltage decreases from inlet to the outlet of the cell
due to the change in partial pressures of the chemical species, an average
value between the inlet V%, and the exit V., should be calculated as the cell
Nernst potential:

Voe T+ Ve

‘/oc: 9

(36)
where the Nernst potential is given [4]:

—A T - pg?
‘/OC _ G + RG h’l sz p02
2-F 2-F PH,0

The Nernst potential is reduced, when the electrical cell circuit is closed
due to the following irreversibilities:

Virr = (Roaym + Rarriv) - Ie

where:
Romum — ohmic resistance of the cell elements,
Rarrry - polarization resistance of the electrodes.

In the literature [7+9] the ohmic losses are calculated from the Ohm
equation Romgar = p - L/A that needs the evaluation of the electrons path
throughout each element of the cell (anode, electrolyte, cathode and in-
terconnections), (L, A — characteristic length and area). The resistance is
described by the Bessette closures [7]:

p=0.008114 - ¢(609/T)  (cathodic electrode),
p = 0.00294 - e(10350/T)  (electrolyte, yttria stabilized zirconia YSZ), (39)
p = 0.00298 - (~1392/T) " (anodic electrode).
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The electrode polarization effects can be evaluated using the Achenbach
closure [6,7]:

R R
Rarriv = —:Zt’a + —tht’c (40)
a C
where:
4-F (e
Ryt.=K.- BT <§O;> e (RG-T) (41)
re
2. F R (X
re

and E,. =160 kJ/mole, E,, = 110 kJ/mole, p,.; — reference pressure,
K.=149-10" K, =213-10%, m=025[6, 7).

3.5 Tubular Fuel Cell (cathodic side)

The cathode reaction of SOFC is described by the equation:
1 _ 9_
502 + 2.-¢ —0

A part of oxygen (%) contained within preheated air diffuses through the
electrolyte to anode. Usually, similar to combustion process, the above

reaction needs to feed much more oxygen [13,14]:

. 4, min z

where U,, the air utilization factor, has a value given by experiments.
Therefore, the balances of air components on the cathodic side are:

7%, = My, (45)

. e z

_ z
"0 T o, Ty

(46)

The choice of U, (15-25%) depends on several exploitation problems as a
deactivation of cathode and strong thermal stresses within electrodes.
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3.6 Post-combustion chamber

On the outlet anode side (1 — ayec) - 12 flux gases contains not only pure
steam and carbon dioxide but also unburned CHy (if CHy4 #0), Hy, CO.
Therefore, this unburned gases after mixing with exit air can be burnt in
stoichiometric manner:

CH,4 ($) +2-09 — CO3 +2-H50, (47)
1

CO(y) + 3 Oy — COo, (48)
1

Hs (Z) + 5 -0y — Hy0. (49)

The heat produced in the above reactions is used to preheat the air flow
entering the cell from the cathodic side. Thus, if #,7,2, as previously denote
the mole flux of CHy4, CO and Hs, then it is simple to write an approximate
balance of mass and energy.

Mass balance: (a — anodic side, ¢ — cathodic side)
; 1 1
. e _ -1,C . . N
nOQ—nOQ—Q-x—§-y—§-z, (50)
e . i7a .
N, = Ny, — %,
. e o .i7a o
e, = ey, — <
. . i,a . i,c . .
Nf1,0 = N,0 T M0 T2 2+ 2,
. e . i,a .
nco = Nco — ¥
- e . 1,0 . 4, . .
nco, = N¢o, +co, T+,
. e . i7c
nNQ - nNQ'
Balance of energy:
. 1,0 .1,a . 7,0 1,0 . 7,0 .1,a . 7,0 .1,a
nép, - Mep, + N, - Mg, + N,0 - ME,0 T Ndo - Micot
+180, - Mg, + N, - mix, +1e, - mig, + .+
K (57)
—& - (Ahcn,) =9 - (Ahco) — 2 (Ahm,) = 3 ng - mig(T¢),
1
k = Hy,H20,CO, COy, CHy, O2, Ny

The above group of equations allows to calculate the temperature and com-
positions of the mixture exiting the SOFC module.
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4 Geometrical-loading data and SOFC calculation

The mathematical model of the SOFC presented above has been im-
plemented in the Lahey Fortran 90 and Borland Delphi (similar to the
COM-GAS code). In order to calculate SOFC module we have to know
input values such as:

e air mass flow rate and temperature,

e pressure of the cell,

e fuel recirculation ratio,

e air utilization factor, fuel utilization factor,

e percentage of methane, which reacts in the pre-reformer.

The program calculates the composition and the temperature of the
exhaust gas for each discussed part of the SOFC module, using these input
parameters. Next, the program calculates the electrical current, the voltage
and the electrical efficiency (LHV) of the SOFC module.

It is assumed that:

— single tubular cell, A = 1036 cm?,

— fuel temperature, Ty = 873 K,

— air temperature, T, = 473 K,

— pressure of the cell, p = 1 bar,

— fuel recirculation ratio, qe. = 0.235,

— percentage of methane, which react in the pre-reformer, pre, = 0.15,

— the fuel utilization factor, Uy = 0.85,

— the air utilization factor, U, = 0.25,

— inlet mixture composition, CHy — 17.1%; COq — 4.36%; CO — 2.94%;
Hsy — 26.26%; HoO — 49.34%

and then changing the parameters 7y, Ur, e, Uq respectively, one calcu-
late the SOFC module. Then, next calculation one has changed pressure
of the cell.

5 Results of the parametric analysis

In the first calculation, SOFC module parameters (single cell) for differ-
ent values of fuel mass flow (presented in Tab. 2 and Fig. 3 and Fig. 4) have
been calculated. In the case of all examples of calculations the determined
factors are constant.
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Table 2

Results of calculations for single cell for different values of fuel mass flow and Uy.

Changed mfue/ muir T Uf Ull [0} s/c pre r ge VL Lel n el
parameters K] rec 5
[kg/s] [kg/s] [-] [-] [mA/em’] [Vl (kW] [-]
0.0000098 | 0.00015 | 1194.9 105,3 0.749 0.082 0.594
0.0000163 0.00025 | 1238.8 175.5 0.735 0.134 0.583
m fuuel 0.0000229 | 0.00035 | 1269.7 | 0.85 | 0.250 | 0.235 | 1.80 0.15 245.8 0.725 0.185 0.575
X 0.0000294 | 0.00045 | 1294.1 316.0 0.717 0.235 0.569
0.0000360 | 0.00055 1314.8 386.2 0.711 0.284 0.564
0.0000299 1390.6 | 0.65 156 2584 0.654 0.175 0.417
0.0000278 1350.2 | 0.70 1.63 255.1 0.677 0.179 0.459
0.0000259 1316.6 | 0.75 1.69 251.9 0.695 0.182 0.499
Uf 0.0000243 0.00035 1289.7 | 0.80 0.250 | 0.235 1.75 0.15 248.8 0.712 0.183 0.538
0.0000229 1269.7 | 0.85 1.80 245.8 0.725 0.185 0.575
00000216 1258.6 | 090 1.86 242.8 0.736 0.186 0.610
1350 400
- 06 0,77
1 , N
1300 A 350 059 o
) >
g r300 _ H ™ 0,75
E 45 e 3 058
—_ R ] =
& 1250 - 250 < K 074
AL £ 3 >
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: [ 200 8 . 073
1200 g ° 'y >
150 0.56 EE 072
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mq[kgls] mq[kgls]
—&— temperature of the cell - - - - - - current density —— electrical efficiency - - - B - - voltage

Figure 3. Increase of temperature of the Figure 4. Decrease of the LHV and the cell
cell with increase of fuel mass with increase of fuel mass flow.
flow.

Increase of the fuel mass flow causes increase of temperature of the cell
and decrease of electrical efficiency (LHV) and the cell voltage (Figs. 3
and 4).

In the second example, calculations of the single cell for the different
fuel utilization coefficient value Uyand constant air mass flow for which tem-
perature of single cell is equal to 1273 K were done. The other coefficients
remain the same (Tab.2).

The fuel utilization factor has a decisive effect on the electrical efficiency
of the SOFC module, because it determines the number of mole of hydro-
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gen, which reacts in the electrochemical reaction. This reaction is mainly
responsible for the value of current. With increasing Uy, the temperature
of the fuel cell decreases, because more of hydrogen is utilized in the elec-
trochemical reactions. Also with increasing Uy the voltage has to increase
and the current decreases in the cell, what is shown in Fig. 5 and Fig. 6.

1400 3 T 0,74 0,186 T 260
1 - | o
1380 \ 1 1073 * AT 258
[ ] .
he 0.72 0,184 /
R T . T 256
- \\ ¥ 107 0,182 [ 4 254
1340 ' »'s -
0,7 y ~
z L S g A 1252 §
: 1320 g }\ 0,69 = = 0,18 5 E
R > 3 / N +250 E
R +068 Y 5
1300 A " ]
k N 0178 / . 248
B T 0,67 \
1280 il
N 106 0,176 n e
1260 ' / T
1065 4 . 244
N
1240 0,64 0,174 242
0,6 0,7 0,8 0,9 1 0,6 0,7 0,8 0,9 1
Ul Ul
—— temperature - - -®- - - voltage —— pow er output - - -B - - current density

Figure 5. Temperature and voltage of the Figure 6. The cell power output and cur-
cell for different values of Uy. rent density for different values
of U f-

In the following example for the constant air mass flow and the fuel
mass flow and different values of fuel recirculation coefficients ... (Fig. 7
and Fig. 8) calculations were done. With the growth of a... temperature of
the cell increases, because recirculated stream consists of more combustible
elements, which are burnt during post-combustion. Voltage of the single cell
is almost constant, but current is bigger for higher values of a;.¢.. Thus, the
cell power output increases. For higher values of .., recirculated stream
consists of more steam, so the S/C values are bigger (Tab. 3).

As it is shown in Fig. 9 and Fig. 10, the growth of value U, causes the
growth of temperature in the fuel cell, as bigger coefficients U, require more
fuel supply. For bigger U, the voltage of the cell is lower and the current
is greater. However, the single fuel cell has more power output.

In the last example, for air mass flow and fuel mass flow given in Tab. 2,
calculations for pressure p = 10 bar were performed (Fig. 11).

For higher pressure in the fuel cell more voltage and electrical efficiency
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Table 3

Results calculations of single cell for different values of e and U,.

Changed mfue, ma” T Uf Ua o S/c pre, g(_» Vc Lel nel
parameters X [K] : rec . 2
[kg/s] [kg/s] [l [-] [mA/em’] V1 (kW] [-]
1268.0 0.205 1.51 244.6 0.725 0.184 0,572
1269.7 0.235 | 1.80 2458 0.725 0.185 0.575
o e 0.0000229 0.00035 1271.7 0.85 0.250 0.265 | 2.13 0.15 2469 0.725 0.186 0,578
1273.6 0.295 | 248 248.1 0.725 0.187 0.581
1276 4 0.325 | 2.86 2493 0725 0.188 0.583
0,0000137 11924 0,15 1475 0.740 0.113 0,587
0.0000183 12337 0.20 196.6 0.732 0.149 0.581
Ua 0.0000229 0.00035 1269.7 0.85 0.25 0.235 1.8 0.15 2458 0.725 0.185 0.575
0.0000275 1302.1 0.30 2949 0719 0.220 0.570
0.0000320 1331.5 035 344.1 0714 0.255 0.566
1277 0,73 0,188 250
1276 A 0,1875 = 'J: T 249
1275 e lmomal/w 1 0725 0187 __.l' / 1 248
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is obtained, which is shown in Fig. 11.

6 Conclusions

The mathematical model of tubular SOFC module with internal re-
forming has been presented. In spite of its zero-dimensional description
the model gives very well approximated results [11]. Using this model one
can expect, that the fuel cell has the biggest electrical efficiency for the
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Figure 11. Single fuel cell parameters for different pressure.

higher fuel utilization factor. In the literature the optimum value has been
approximated to yield about Uy=0.85. The fuel cell has bigger electrical
efficiency for the higher pressure, so it can be used with gas turbine in a hy-
brid system. Electrical efficiency (LHV) for the real parameters has been
approximated by about 50-60%. The parametric analysis of the tubular
SOFC module behavior yields a detailed insight on the influence of each
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variable on the cell efficiency and electric power output important for a
future optimal design hybrid fuel cell — gas turbine systems [1]. The pre-
sented model of the solid oxide fuel cell will be integrated to the COM-GAS
code and in the future it will be used for a complex thermodynamic and
energy analysis of installations based on gas turbines and SOFC modules.

Received 23 October 2003
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