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Abstract. Coal gasification in molten metal baths is a relatively new process with important

technological advantages. The economics of the process can be made even more attractive if part of
the Gibbs energy change of the oxidation reaction is directly converted into electricity through the
use of the concept of a solid oxide fuel cell. This combination of fuel cell and fused metal gasifier
in a single reactor-cell of the type: C, O,, fused metal / YSZ / perovskite, O, is the distinguishing

feature of the new process analyzed in this work.

A mathematical model has been developed which describes the steady-state behaviour of this
novel fuel cell and discusses the effect of operating conditions upon cell performance. This theo-
retical approach shows that, under best-case estimates, the electrochemical cell gasifier is capable of

producing very high current and power densities.

1. Introduction
Solid electrolyte galvanic cell applications include so far
their use for (i) sensor devices [1,2], (ii) power-producing
systems [3] and (iii) in heterogeneous catalysis for study-
ing the mechanism of catalytic reactions and enhancing
the catalytic properties of metal electrodes via the effect of
non-faradaic electrochemical modification of -catalytic
activity (NEMCA) or electrochemical promotion [4,5].

Yet another important application of solid electrolyte
devices is their use for chemical cogeneration [6-15], i.e.,
the simultaneous production of electricity and useful che-
micals. This mode of operation combines the concepts of
a fuel cell and a chemical reactor. Electricity and useful
chemicals are produced simultaneously the ratio of electric
power to heat generated, as well as reactant conversion,
can be conveniently controlled by varying the external re-
sistive load [15].

A number of important industrial reactions, such as
the conversion of NH; to NO [6] the oxidation of H,S
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to SO, [7] and of methanol to formaldehyde [8], the
Andrussov process for the production of HCN [9], the
oxidative dehydrogenation of ethylbenzene to styrene [10]
and ethylene epoxidation [11], the partial oxidation of
methane to H, and CO [12,13], as well as the oxidative
coupling of methane to ethylene and ethane [14], have
been carried out in experimental cells.

Very recently, it has been demonstrated that SOFC de-
vices can be also used to eliminate thermodynamic restric-
tions imposed on conventional catalytic reactors. Thus,
the ammonia synthesis at atmospheric pressure was suc-
cessful under quantitative conversion of H, to NH; [16].

Here, we present a realistic parametric analysis of a
new concept for the industrially important coal gasifica-
tion process based on the use of solid electrolyte devices
which has been described in detail elsewhere [17]. This
novel process allows in principle the clean, efficient co-
generation of synthesis gas (CO+H,) and electricity. The
idea to feed directly a solid as fuel into a fuel cell device is
based on the use of a fused metal bulk anode, instead of
thin metallic catalyst-electrode film [17].
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Coal gasification in molten metal baths is a relatively
new process. Important technological advantages of this
process include the formation of low-sulfur coal gas, con-
sisting mainly of CO and H,, i.e., the so-called synthesis
gas, continuously and with high gasification efficiency
and the potential of combining gasification with steel
making through the use of excess gasification heat for ore
melting or scrap remelting. The economics of fused iron
bath gasification can be made even more attractive if part
of the Gibbs energy change of the oxidation reaction is
directly converted into electricity, a property which
characterize fuel cell devices [15,17,18].

2. Description of the New Process

Figure 1 is a schematic representation of the new fused
metal anode solid oxide fuel cell (FMA/SOFC). Finely
divided carbon is fed to the fused iron anode. Oxygen (or
air) is fed into the cell's cathodic compartment. Yttria-
stabilized zirconia (YSZ) has been suggested as oxygen
ion conducting solid electrolyte of the cell, the cathodic
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side wall of which is coated with perovskite type material
(e.g. La_,Sr,MnOj5), having high catalytic activity for the
dissociation of oxygen molecules. Oxygen is ionized
according to the cathodic half-reaction:

12 0, + 26 = O 1)

which occurs at the three-phase boundary between air,
perovskite and zirconia. Oxygen anions migrate-across the
solid electrolyte's wall.

At the molten metal-zirconia interface, the anodic half
reaction occurs:

0*—>2+0Q )

where O denotes atomic oxygen dissolved into the molten
metal anode (dissolved oxygen in carbon-containing liquid
Fe exists only in this form [19]). An anodic electron
collector (Fig. 1) is used through which the electrical cir-
cuit is closed by an external load. The net result of the
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Fig. 1. Schematic representation of the Fused Metal Anode Solid Oxide Fuel Cell (FMA/SOFC) and the control

volume for macroscopic balance equations.
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transport of oxygen from the cathode to anode is thus
electric power.

Atomic oxygen then reacts with dissolved carbon (C)
throughout the liquid anode to produce CO(g):

C (in Fe) + O (in Fe) — CO(g) 3

The overall process, therefore, allows coal to be gasified
with simultaneous generation of electric power.

Oxygen can also be fed directly into the anode to pro-
vide part of the heat of reaction needed in order to sustain
steady operation at high temperatures. This mode of ope-
ration implies, in principle, a compromise between a
higher rate of heat generation and a lower thermodynamic
driving force for the transfer of oxygen across the solid
electrolyte. Our calculations, however, show a negligible
effect upon the cell voltage and a significant enhancement
of heat generation. A carbon monoxide rich gas stream is
produced at the anode. Water vapor can also be fed at the
anode if there is an interest in producing an H,-rich anodic
gas stream. This case is not analyzed in the present work.
The produced synthesis gas (rich in CO and H,) can be
used as a feed gas to petrochemical industries or it can be
fed to a subsequent SOFC for further production of elec-
tricity via the overall reactions:

H, + O, » H,0 4
CO + 0, > CO, )

The operation of such SOFCs has been analyzed exten-
sively in the literature [20]. As a consequence, in this
work we concentrate on the analysis of the FMA/SOFC
only.

3. Model Formulation
In order to derive the macroscopic balance equations for
the FMA/SOFC reactor, we use the control volume
shown schematically in Fig. 1. As a first approximation,
well-mixed anodic and cathodic compartments and batch
operation with respect to the molten metal bath were con-
sidered. A future extension of this work must of course
include the influence of diffusional limitations, mainly in
the bulk anode, by relaxing the perfect mixing assump-
tion and introducing the cell geometry explicitly into the
overall picture.

The following assumptions have been also considered
when writing macroscopic balances of mass, energy and

electrical equations: (i) carbon saturation at the anode and
thus negligible iron oxidation [19], (ii) negligible CO
production at the temperatures of interest [21], (iii) gas-
phase anodic oxygen is always assumed to be in equili-
brium with dissolved atomic oxygen [17], and (iv) the rate
determining step of the overall anodic process is the liquid
phase reaction between atomic oxygen and dissolved car-
bon.

Operation at relatively high dissolved carbon levels is
advantageous for two reasons: (i) the rate of the gasifica-
tion reaction, and hence current and power density; will
increase with high carbon content in the anode, (ii) the
bath's melting point can be significantly lowered by the
presence of dissolved carbon. In fact, the Fe-C system
offers a eutectic point at 1153 °C and 4.26 wt% C [22],
that is to say 380 °C lower than the melting point of pure
Fe.

The rate expression of the anodic liquid phase Teaction
can be written as [17]:

=k, [%C] {[%Q] - yco / K.} 010,

Pre Pre
b = 6
1600 ¢ 12(100 - [%C]) ©

where ¢, =

Because of the novelty of the concept discussed here,
there is yet no information in the literature on the kinetics
of the homogeneous, liquid-phase reaction between dis-
solved carbon and atomic oxygen. However, an analysis
[17] using k, as a parameter varying systematically the
second-order frequency factor and activation energy over a
wide range, characteristic of liquid-phase second-order reac-
tion, showed no changes on the reactor performance in-
dicators: the fused bath cell operates arbitrarily close to
equilibrium, for any realistic choice of the pre-exponential
factor and activation energy of the rate constant k, [17].

Based on the control volume depicted in Fig. 1, we
can write the following steady-state governing equations:

- Oxygen balance for the cathode:

N,y x. = I/4F )

Contrary to the usual situation encountered in high-
temperature fuel cells [15], anodic oxygen feed (as con-
sidered here) introduces the need for a second oxygen
material balance in order to account for electrochemi-
cal as well as direct (or chemical) oxygen conversion.
Thus:

- Oxygen balance for the anode:
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(Nl Yco X + NZ Yao)xa = rVa/2 (8)

- Electrical equations:

Assuming purely ohmic polarization, i.e., cathodic
and anodic activation and concentration overpotentials
were assumed to be negligible [17], we can write:

E= Erev - I(R1 + Rel) = IRex (9)

The YSZ electrolyte resistance, R;, is an exponentially
decreasing function of temperature [17]:

)

R, = 4.17x10°° exp(9700 / T) (Ohm) (10
el
while the open-circuit voltage is given by [17]:
P,
= o g 02 an
4F Py,

where Pg, and Py, , are the partial pressures of oxygen in
the well-mixed cathode and in the anodic gas product
stream, respectively (the latter being in equilibrium with
dissolved atomic oxygen).

E.., can also be computed by considering the Gibbs
energy change of the reaction:

C(s) + 1/2 0, (g) — CO (g) (12)
ie.,
2FE,,, =- AH, + T[ASo -R In =% ] (13)
o

02

where we have taken the activity of solid carbon to be
unity and AH, and AS, refer to the reaction (12). The
equivalence between egs. (11) and (13) has been shown
elsewhere [17].

Upon combining egs. (9) and (11) and taking into
account the mass balance equations (7) and (8). we obtain

I(Rex + Rel +Ri)

0
= Rl T 2¢ (1-x)I(+x5)(@+xc) +ablP,

4F (1-yoxe)(1—x, @+ xg)P,

(14)

where 0 =N, y,°/N; y.% 8= -y,")/ y,* and P. is the
cathode (c) or anode (a) total pressure.
- Energy balances:

The overall energy balance for the control volume
(Fig. 1 ) reads:

Ny Cpg [(T, - T)) - (T, - Ty %] + N, Cp g {(T,- T+
N —
(T Ty %+ N—lyc°xc<1+xa)1} + N3 Cp s {(T,-Ty)-
2

T TO Ly ox, + N2y o]} + (UANTT) +
N, N,

(UA)(T,-T%) = 2(Ny.°%, + Ny, O)x,(-AH,)-EI  (15)
where T, T, and T, are the feed temperatures of the ca-
thodic air, anodic air, and carbon feed streams, respec-
tively; T, and T, are the cathode and anode temperatures,
(UA) denotes the product of the overall heat transfer
coefficient times the external heat-transfer area in the ca-
thode (c) and anode (a); T is the ambient temperature; T,
is the reference temperature, and -AH, is the standard en-
thalpy change, at T,, for the reaction (12). In order to sim-
plify the notation, we have assumed a constant molar heat
capacity for all gas streams (Ep,g ); Ep,s is the heat capa-
city of the solid carbon. Actual calculations, of course,
were performed taking into account both the temperature
and the composition dependence of all heat capacities.

The right-hand side of eq. (15) is the electrochemical
equivalent of the "heat generation" term encountered in
conventional reactor theory. This part of eq. (15) can be
written as:

2x,(-AH)(N,y %, + Nyy,*)-EI = %(-AH@(xa-nw) (16)

where 1, commonly referred to as efficiency [18], is the
ratio of actual to 'thermoneutral” voltages [20],

E E
n=——

E, (-AH,)/2F an

and

v = N,y,’x, / (I/4F) (18)
is the ratio of chemical to electrochemical oxygen con-
sumption.

We need one more energy balance in order to relate
T, and T,.
balance around the cathode:

This results from considering the energy

N, Cp.g (Te -T)+UA) (T T)HUA)(T-T) =0 (19)

where (UA), is the product of the overall cathode-anode
heat-transfer coefficient times the electrolyte cross-sec-
tional area normal to the anion flow.
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Step I:
Choose an anode temperature (T,)

Calculate the cathode temperature (T¢) from €q.19

Step 11I:
Assume X

Step IV:
Solve eq. 8 for x,
(with right-hand side as per eq. 6)

Step V:
Solve eq. 14 for x¢
(with i as per eq. 7)

Step VI:
Return to step 111
until convergence
between assumed
and calculated x¢

is achieved

Step VII:
Return to step I
and solve for an

other T,

WRITE
xc,xa,i P’T?,Ta

Fig. 2. Algorithm used for solving the mathematical model
equations.

The governing equations of the reactor steady-state
operation are therefore the two materials balances (eqgs. 7
and 8), the Nernst-Kirchhoff relationship (eq. 9), the two
energy balances (egs. 12 and 16), and the rate expression
(eq. 6). These were solved numerically by following the
algorithm depicted in Fig. 2. Step III was solved by
applying regular perturbation to the fourth-order eq. (8).
Step IV (i.e., eq. 14) was solved with Newton-Raphson's
method. Thus, for each imposed anode temperature, we
solved the coupled kinetic-material-electrical (eqs. 6-15
and 14) iteratively. Steady-states correspond to the par-
ticular choice of anode temperature for which the energy
balance is satisfied. Since the anodic temperature was
chosen as an independent variable, the range of bath tem-
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Fig. 3. Effect of anode temperature upon open-circuit and
operating cell voltage. Conditions as in the nomenclature.

peratures explored includes unphysically low values, for
which the anode would not exist as a liquid. Clearly, we
are interested only in those steady-states for which the
assumption of a fused iron bath reactor is verified.

4. Results and Discussion

The nomenclature in the present paper shows the values
of the geometric and operating parameters used as a base
case for the present calculations. The variables that were
found to affect the reactor performance more significantly
were anodic oxygen feed and external load. Their effects on
reactor output characteristics are discussed separately be-
low.

4.1. Behaviour of the Open-circuit and Actual Cell
Voltage. Figure 3 shows the temperature dependence of
the reversible (open-circuit) and actual cell voltage for the
base conditions illustrated in the nomenclature. Ohmic
resistances were the only source of polarization considered
here. For given values of the electrode and electrolyte re-
sistances, the difference between both curves is pro-
portional to the current (eq. 9). The electrolyte thickness
that is assumed in this study (2 mm) is conservatively
high. Accordingly, actual cell voltage values higher than
those shown in Fig. 3 appear possible in an actual fuel
cell.
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Fig. 4. Effect of anode temperature upon cathodic oxygen and carbon conversion, X, and x, (a), current density, i
(b), power density, p (c) and efficiency, n (d). Conditions as in Fig. 3.

Since AS, is positive in our case, it is obvious from
g. (8) that E, will, in principle, increase with tempe-
rature. At very high oxygen conversions, however. the lo-
garithmic term in eq. (8) becomes important and E,,., can
exhibit a maximum [17].

4.2. Current and Power Generation. Eq. (9) can also be
written as:

I=E,, /(Rs;+ R, +R;) (20)

Since R, is a strongly decreasing function of tem-
perature (eq. 10), the sign of dI/dT, which is that of

dInE,, /dT - (R,, + Ry + R)" dR/dT, will, in general. be
positive. Thus, cathodic oxygen conversion, x, (see eq.
7), power output (I’R,,), operating voltage (IR,,), and effi-
ciency IR, /(-AH,/2F) will also, in general, be monoto-
nously increasing functions of temperature. This beha-
viour is depicted in Fig. 4 and is fundamentally different
from the one that characterizes other fuel cell reactions,
such as CO oxidation [17, 23] in which AS_<0. In that
case, it can be shown from an analysis identical with the
preceding one, that conversion, current, power output, and
efficiency exhibit maxima as a function of temperature
[23]. This means that because the present process in-
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volves a reaction with positive entropy change, the bene-
fits of high-temperature operation are not only kinetic
(lower activation polarization and electrolyte resistance)
but also thermodynamic (since -AG, increases with tem-
perature and consequently, in principle, will E_,). Based
on the conditions of Fig. 4, at T, = 1700 K the cell
produces power density of 1.33 W/cm® at current density
of 2.35 A/cm® and an operating voltage of 0.57 V with an
efficiency of 0.97. The gasification rate is 1195 mol
CO/hm?, i.e., 27 m*STP)/hm? and the cathodic, anodic
oxygen and carbon feeds are 17 m*(STP)/hm? 8.5 m’
(STPY/hm? and 24 kg/hm?, respectively (all the specific
values are per electrolyte area normal to anion flow). In
the light to what has been said above regarding to pola-
rization sources, these figures are best-case estimates,
since the model assumes negligible activation and con-
centration polarization, certainly an idealization at these
high current densities. Indeed, our calculations [17] have
shown that external mass-transfer limitations for the
transport of dissolved oxygen in molten Fe can be sig-
nificant for currents higher than ~ 3 A/cm? In the calcu-
lation that follows, we use significantly lower current
densities.

The extremely high current and power densities shown
in Fig. 4 illustrate the benefits that can be obtained by
minimizing ohmic losses at the electrodes, as well as by
neglected possible activation and concentration overpo-
tentials. Perovskite type materials (e.g., La, Sr,MnO;, 0
< x < 0.5) with resistivities of the order of 4x10%

9
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Fig. 5. Heat generation and heat removal rates (see text for
discussion) as a function of anode temperature. Conditions
as in Figs. 3 and 4.

ohm-cm at 1000 °C [24] and high activity for the cathodic
reaction (1) allow the attainment of very low polarization.
Figure 5 illustrates the solution of the coupled material
and energy balances for the same operating conditions as
in Fig. 4 . The straight line is the left-hand side of eq.
(15), the energy balance, and constitutes the usual heat
removal term. The curve is the right-hand side of eq. (15)
and is thus the electrochemical analogue of the usual heat
generation function in chemical reactor engineering.

4.3. Effect of External Load (R,,). Figure 6 depicts the
effect of the external load on cathodic oxygen conversion,
x, (Fig. 6a), on carbon conversion, x, (Fig. 6b), current
density, i (Fig. 6¢), power density, p (Fig. 6d), efficiency,
1 (Fig. 6¢) and anode temperature, T, (Fig. 6f). It is
obvious from Fig. 6a that cathodic oxygen conver-
sion, and thus current flow, can be virtually eliminated by
increasing the external resistance load. Carbon conversion,
on the other hand, remains finite in this example due
to the presence of direct anodic oxygen feed (Fig.
6b).

It is worth noting that the cell power exhibits a ma-
ximum (Fig. 6d) with respect to R, at every temperature.
For purely ohmic polarization, this maximum corres-
ponds to the condition R,,=R,+R,. This behaviour is well
known for electrical circuits with ohmic elements that
follow Ohm's law. By considering eq. (9) and taking into
account that the power produced by the cell is P = IE =
I’R,, we produce:

P=IE=IR, =1IE,, - AR, +R) Q1)

which is a second order equation in terms of current. The

maximum power is achieved at dP/dI = 0, i.e., at the
current:

I, =E., 12(R, + R,), 22)
The value of the maximum power is then

P = By / 4R+ R) (23)
We can also express I, through Ohm's law, i.e.,

I, = E., /(R +R,; +R) 24)

Combination of eqgs. (22) and (24) provides the value of
R., at which the maximum power is obtained:
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R.x =Ry +R; 25)

Figure 7 illustrates the effect of changes in the
external load upon the macroscopic energy balances and
hence upon the fuel cell operating point. For any given
anodic temperature and assuming X, = 1, the heat
generation is composed of three terms,

Heat Generation = (-AH,)I/2F - 'R, + 2N,y,°(-AH, ) (26)

Since, moreover, I o (R,, + Ry + R)™! (see eq. 20), the
heat generation is not monotonic in R,,: this is the beha-
viour shown in Fig. 7. The minimum in the anode tem-
perature curve (Fig. 6f) is a direct consequence of the non-
monotonic behaviour of the heat generation function (Fig.
7). The monotonic decrease in i (and other quantities di-
rectly proportional to i) is a consequence of the fact that
increasing the external load outweighs competing effects,
such as the mild increase in T, for R,, 2 1 Ohm. The ma-
ximum in power output with respect to R., (Fig. 6d), on
the other hand, follows trivially from writing p=I’R, /A,
and monotonously decreasing behaviour of i with respect
to R.,.

4.4. Effect of Anodic Oxygen Feed. Anodic oxygen feed
can be used in the fused bath process to provide part of the
heat of reaction needed to sustain steady operation at high
temperature. Water vapor can be also cofed with oxygen
in order to produce an anodic gas stream rich in H,. In the
latter case, the ratio of H,0/0, must be carefully chosen,
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Fig. 7. Behaviour of heat generation and heat removal
functions for several values of the external resistive load, R.,.
The arrow indicates the direction of increasing R,,. Con-
ditions as in Fig. 6.

since the reaction of carbon with steam is an endothermic
reaction. In the present calculations only oxygen (no
water vapor) was considered to be fed in the anode gas
stream with N,.

Figure 8 depicts the effect of anodic oxygen feed on
the cathodic oxygen conversion, x, (Fig. 8a), carbon con-
version, x, (Fig. 8b), current density, i (Fig. 8c), power
density, p (Fig. 8d), efficiency, n (Fig. 8¢) and steady-
state anodic temperature, T, (Fig. 8f). It is worth noting
that the quantities x, i and 1 are directly proportional. We
can conclude from Fig. 8 that manipulation of anodic
oxygen feed allows, in principle, an extremely sensitive
control of cell performance. This is obviously important
from a reactor operation viewpoint. ‘

Figure 9 illustrates the behaviour of the heat genera-
tion and heat removal function as y,° is varied (same con-
ditions as in Fig. 8). It is obvious that the amount of
oxygen fed directly into the anode has a profound in-
fluence upon the heat generation function and hence upon
the reactor operating temperature.

5. Conclusions

The gasification of coal with simultaneous generation of
electricity in a novel fused metal anode solid oxide fuel
cell (FMA/SOFC) is a promising concept. The process
combines the advantages of coal gasification in molten
metal baths with the thermodynamic efficiency of high
temperature fuel cells.

The overall reaction (C(g)+1/2 O, — CO) is accom-
panied furthermore by a positive entropy chance. This
leads to current and power densities which, in general,
tend to be monotonously increasing functions of
temperature.

Operation at high temperatures necessary to maintain a
molten anode is thus not only convenient from a kinetic
viewpoint (negligible activation overpotential) but also
for thermodynamic reasons.

Our well-mixed model shows that the reactor can pro-
duce ca. 27 m*(STP) of CO/hm?, with current and power
densities of 2.4 A/cm® and 13.3 kW/m?, respectively.
These numbers represent best-case estimates, since the
model assumes negligible activation as well as concen-
tration polarization, certainly an idealization at these high
current densities. Low ohmic losses at the electrodes are
also essential for attaining of these high production
rates.
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Fig. 8. Effect of anodic oxygen feed on cathodic oxygen conversion, X, (a), carbon conversion, X, (b), current density, i
(c), power density, p (d), efficiency, 1 (e) and anode temperature, T, (f). Conditions: R, = 0.5 Ohm, N,;=8x10° mol/s,
N,=6x10" mol/s, R,= 0.5 Ohm, N, = 2.8x10”° mol/s, (UA), = 0.025 J/hK, (UA), = 0.2 J/hK, yr =1, y,°=1. Other
conditions as in the nomenclature.
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Fig. 9. Behaviour of heat generation and heat removal
functions for several values of the mole fraction of oxygen
in the anodic gas feed (y,”). The arrow indicates the direction
of increasing y,’. Conditions as in Fig. 8.

However, it is not a restrictive factor in fuel cell tech-
nology.

Anodic oxygen feed and external load were the most
important parameters found to affect crucially the reactor
performance. These are easily manipulated process va-
riables and can therefore be used to control the cell perfor-
mance. External load controls the reactor's electrical power
generation and anodic oxygen feed controls the reactor's
operating temperature.

6. Nomenclature

Nomenclature and values of the geometric and operating

parameters used as a base case for the present calculations:

A, A_: anodic and cathodic heat loss area, m*

A, superficial electrode area normal to anion flow =
1.6x10° m?

o ratio of anodic to cathodic oxygen flux, N,y,° / N,y °,
dimensionless

B: ratio of inert to oxygen mole fraction in anode feed,
(1-y,") )/ y,’, dimensionless

v: ratio of chemical to electrochemical oxygen consump-
tion, N,y,°x, /(V4F)

Ep: temperature - and composition - averaged specific
heat, J/mol K

Cp,e =31.38 I/mol K, (Inlet composition, temperature
average between T, and Tg.y)

Cp.g = 37.45 J/mol K, (Outlet composition, temperature
average between T, and T,)

E‘;,s = 15.9 J/mol K, (Inlet composition, temperature
average between T, and Ti,.y)

Ep,s =24.7 J/mol K, (Outlet composition, temperature
average between T, and T,)

E,: activation energy of the reaction C+Q — CO(g) =
125.4 kJ/mol

E..,, E: open-circuit and actual cell voltage, V

E,.: thermoneutral voltage, (-AHg)/nF, V

F: Faraday's constant, 96484 C/equiv.

i: current density, A/cm?

K.: equilibrium constant for the reaction C(graphite)+
0—CO(g), dimensionless [17].

k,: forward reaction rate constant for the reaction C+O
—CO(g), m*mol-s

k7 : preexponential factor of reaction rate constant k, =10°
m>/mol's

N;: cathodic gas feed stream = 1.6x10° mol/s

N,: anodic gas feed stream = 8x10™* mol/s, (N,=0 when-
every,”=0)

N;: anodic solid feed stream = 1x103 mol/s

P: total pressure, N/m?, or power, W

p: power density, W/m?

R.;: electrode resistance = 5x10° Ohm

R;: electrolyte resistance, Ohm, see eq. (10)

R, external resistive load = 1.5x102 Ohm

r: reaction rate, mol/m’s

T,: anode temperature, K

T,: cathode temperature, K

T": ambient temperature = 298 K

T,: reference temperature = 298 K

Theeq: stream feed temperature = 1100 K

U: overall heat-transfer coefficient, J/s'm*K

U, =20 J/sm*K

(UA),=1.26x10? J/hK

(UA),=0.1J/hK

V,: anodic unit cell volume = 6.4x10° m*

X, X anodic and cathodic oxygen conversion, dimen-
sionless

x; fuel (carbon) conversion, dimensionless

y: mole fraction, dimensionless

y. =021
vy, =0.21
y =09

3: electrolyte thickness = 2x10° m

Pr: iron density = 7.26x10° g/m®

1: efficiency, dimensionless

&y, 0, coefficients defined in eq. (6), mol/m>
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AG,, AH,, AS: Standard Gibbs energy, enthalpy and en-
tropy change for a given reaction, J/mol
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