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ABSTRACT

An electrochemical system; utilizing the sodium in the molten state, and carbon dioxide and
oxygen gas mixture as the reactant species; to produce electrical energy has been formulated to
predict the standard-state open-circuit voltage as a function of the cell temperature. The cell

open-circuit voltage as a function of temperature can be predicted for the non-standard states of
the species taking part in the overall cell reaction. In addition, the developed formulation is
capable of predicting the following:
The cell operational voltage, electric power density, and efficiency of the cell to deliver electric
power density as a function of the cell geometric current density:
For the case of the cell operation as a batch electrochemical reactor, the provided formulation
can predict the open-circuit cell voltage as a function of the cell temperature, pressure, the
overall reaction extent and the initial composition of the cell cathode-side reactant mixture. The
rates of the reactant-species consumption and product-species production can also be predicted
at a given cell geometric current density.
Some examples of the computed data presented in the form of plots are given below.
(1) The cell open-circuit voltage decreases from 3.26 to 2.95 volt for the increase in the
cell temperature from 100 to 300°C.
(2) For the cell with the solid electrolyte (sodium beta-alumina solid electrolyte) of 10um
thickness, the decrease in the cell operational voltage is of the order of 3mV at 200°C
for the cell current range of 10 to 100 mA - cmggom.

(3) At the cell temperature of 200°C,Pi0 = 4, the electric power density increases from

about 0.033 to 0.327 W - cm™2 over the geometric current range of 10 to 100 mA4 -
cMylym-
(4) The efficiency to deliver electric power ranges from 99.98 to 99.80 over the geometric

Corresponding Author: current density of range of 10 to 100 mA - cmg_ezom for the cell with the solid

Sarwan S. Sandhu electrolyte thickness of 10um at 200°C and % =4,

KEYWORDS: Sodium-CO?2 fuel cell, Electrochemical energy production, Open-circuit voltage, Power density, Sodium beta-
alumina electrolyte.

1. INTRODUCTION combustor of a space vehicle coupled with the fuel cell.

The analyses and developments of the electrochemical
systems have been carried out here at the University of
Dayton since 1989 [some typical references: 1-7]. Very
recently, we decided to develop a fuel cell, using carbon
dioxide gas as one of the cell reactants, to generate electric
power. Our current effort is focused on the development of a
fuel cell system for applications in the space vehicle systems.
Such fuel cell systems can take carbon dioxide from the
combustion exhaust gas mixture discharged from the

Carbon dioxide or its mixture with oxygen gas would react
with the fuel cell anode-side reactant sodium in the molten
state to generate electric power. This power coupled with the
supersonic power of a space vehicle system is expected to
result in the hypersonic speed.

On the Earth’s surface, such a system can be utilized
simultaneously to generate electric power and reduce the
concentration levels of carbon dioxide (one of the global
warming gases) from the ambient atmospheric air. Sodium
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supply relative to that of lithium is unlimited [8]. Also,
sodium is cheaper than lithium. Furthermore, the cell reaction
product sodium carbonate is a valuable product, especially,

used in making soaps and chemicals, in cleaning and
bleaching, etc. Figure 1 shows the sketch of the fuel cell
system intended to be developed.

%

%

Figure 1: Sodium/carbon dioxide-oxygen gas mixture fuel cell (the sketch not to a scale).

The main components of the fuel cell sketched above are:

A (anode): Sodium as the fuel cell anode-side reactant in the
liquid phase; sodium melting point = 97.8 °C and boiling point
=883 °C.

E (electrolyte): Sodium beta-alumina solid electrolyte (Na-
BASE), Na—ﬁ" Alz 03 (s)-

C (cathode): Sputtered gold (Au) layer film on a thin
microporous nickel foam layer. The cell cathode-side
reactant: gas mixture of carbon dioxide and oxygen for
example.

P (plenum): Cell cathode — side plenum for holding a gaseous
reactant or a gaseous reactant mixture. Configured for a

2. FORMULATION
The overall cell reaction is:

1
2 Na([) + COZ @) +502 @ = Na2C03 (s)

VNa =-2, VCOZ(g) =-1 VOZ(g) =05V NazCO03(s) =1

reactant gas or gas-mixture flow parallel, or perpendicular to
porous interface between the cathode and plenum as well as
for the stagnant flow conditions.

The fuel cell system sketched in Figure 1, must be
experimentally  characterized with respect to its
electrochemical performance for the initial investigation over
the operational conditions of: Temperature range: 25 — 300
°C; the cell cathode-side reactant gas mixture pressure range:
1 — 5 bar; the reaction stoichiometric and non — stoichiometric
compositions of carbon dioxide and oxygen gas mixture; and
the cell geometric current density range: 10 — 100 mA -
CMGeom.

-1

Per mole of reaction, Equation (2-1), occurring, the charge involved is: nF = 2F coulombs; where F (called the Faraday
constant) = 96487.00 [coulombs - (g — equivalent)™!]. For the occurrence of the above reaction in the forward direction at the
reference temperature of T, = 298.15 K; the standard — state enthalpy and Gibbs — free energy changes are given as follows by
Equation (2-2) and (2-3), respectively,

AHZ = AHY g co, om0 — (28H nagy 1o + AHEco, o + 0.58H o, (g).ro) (2-2)

AG§ = AGyayco, oty (ZAG;’_Na(D’TO +AGPco, m, + 05GP, (g)_To) 2-3)

The Gibbs free energy change for occurrence of reaction (2-1) in the net forward direction with the chemical species in their
respective standard states at the cell temperature, T[K], is given as:

T
AGﬁeaction,T = AHg - (AH(‘]) - AGg) (T_o) (2'4)
The cell standard open — circuit voltage at temperature, T[K], is given by:

o o o T
E? — (_Acfeaction,T) — (_AHO+(AHO _AGO)T_O) (2—5)

nF nFr
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For the cell operation at T[K] with the chemical species involved in it, not in their respective standard states, the Gibbs free energy
change, AGyeqction 1, 15 given by:

Vi
AGreaction,T = AG;)eaction,T + RTIn [17[ ai ] (2-6)
where R = 8.314 (J — mol™! — K~1) = the universal — gas constant, @; = activity of a chemical species i taking part in the cell

reaction, Equation (2-1), and v; = stoichiometric number of species i in the cell reaction, Equation (2-1); v; is a negative value for
a reactant species being consumed and a positive number value for a product species being generated. The term

Vi .
[IIa: ] represents the product of [(df’)] factor over all species (i) taking part in reaction,

Equation (2-1).
It is well known that:

AGT‘eact‘ion,T = [_nFET] (2'7)
Therefore, Ep = (—_Mri‘:;”‘mj)

Inserting the information from Equation (2-6) into the above equation and simplifying,
_ _Acvgeaction,T RT ]'/i

b= ()1

Or

Er =B — () n [Ha?}
(2-9)

where @; = activity of a species i to account for its non — ideal thermodynamic behavior. For the chemical species taking part in the
overall cell reaction, Equation (2-1),

(2-3)

Anasory = 1 8nayco, © = 1 (pure chemical species); for a species i in a gas phase mixture

00 - (02) - (52) @0

Here p;, y; = partial pressure and mole fraction of a species i, respectively; P,P° = gas mixture pressure and standard-state pressure
of P° (=1 bar); and @; = @; (T, y;, P), fugacity coefficient of a gas species i to account for its non-ideal gas behavior. For a gaseous

species i in a gas mixture following ideal gas behavior at the mixture temperature and pressure conditions, @; = 1. Then

~ yi P

Qi (ideal gas) = (P—o) (2-11)
Generally, activity of a chemical species i in a solid homogenous phase mixture is given as:

ai = ais) = Yy (2-12)

where x; = mole fraction of a species i in the solid-phase mixture and y;(5) = ¥i(s)(x;, T) = activity coefficient of a species i in a

solid phase mixture to account for its non-ideal behavior. For the ideal solid phase mixture behavior, y;¢;y = 1.0. For a pure solid-

state species, i, ¥;(s) = 1.0. It is also noted that y; (5 is a weak function of pressure.
Activity of a chemical species i in a liquid phase mixture following non-ideal solution behavior is given as:

S
f;O

where x; = mole fraction of a species i in a liquid solution mixture; 7, = [71.( I (T X )] = activity coefficient of a species iin a

ai =aiiy =Yy > (2-13)

liquid-phase solution mixture to account for its non-ideal energetic interaction behavior in a non-ideal solution mixture; generally,
it is a weak function of pressure.

pure liquid i fugacity at the liquid mixture temperature and pressure
fi — conditions (2-14)
in pure liquid i fugacity at the liquid mixture temperature and pressure
of (P°=1bar)

This (;—(‘)) is given by:
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,
[ Viayar
0

RT

I
£

The exponential in Equation (2-15) is known as a Poynting factor. V; ;) = the liquid-phase molar volume of species i; it is a very

—e (2-15)

weak function of pressure at temperatures well below the critical state temperature, T, ;, of a species i. With V;(;) at P° = 1 bar and
mixture temperature, Eq. (2-15), leads to:

(Vi(l)(P‘PO))
(/%) =et (2-16)
From Equations (2-13) and (2-16), the following equation is obtained:
(Vi(l)(P‘PO))

a; =vipxiet T (2-17)
Except for high pressures, the exponential term is close to unity. Then, Equation (2-17) becomes:

ai =aio =YX (2-18)
If the liquid-phase mixture composition is in terms of molar concentrations; then, the activity of a species i is given by:
~ Yic Ci
aiop = [—5%— 2-19

10 [ & ] (2-19)

where ¢; ;) = molar concentration of species i in a liquid-phase mixture and C?l) = molar concentration = [1 mol — (liter)™!] and
Yic = activity co-efficient of a species i in a non-ideal solution mixture = y; . (T, C (z))~
Yic 1s a very weak function of pressure. For the ideal solution behavior, y; . = 1, and Equation (2-19) leads to:

~ ¢
a; o= 1] (2-20)

0
cw

Application of Equation (2-9) to the overall cell reaction, Equation (2-1) leads to:

0 RT 2 R -1 N -0.5 1
Er = Er — (5) Inlaya x (acoz (g)) x (aoz (g)) x (aNazCOa (s))

Here, ayg = 1, ayg,co, © = 1; then, the above equation becomes:

Er=EY = (5)In [;] (2-21)

~ 05
4C0; (g)*03 ()

Bco, (4)7C05 ()P

here dgo, = = co, - (=
where dco, =\ 5o — —[ €0z (g) " Y02 (g) (P_O)]

ao, @ = [602 @ Vo2’ ;;0]. Inserting this information into Equation (2-21) and simplifying, the following expression is obtained.
RT 1

ZF) ln a . 6 . (P)1‘5
€03 ()] 202 (g) V€02 () Y02 () J\PO

For the gas mixture of CO, (4 and O, (4 for the cell cathode-side pressure of 5 bar or less, it is assumed that @Coz @ = @02 @ = 1.
Equation (2-22), then, leads to:

Er = B9 — (%) ln[ ! P)l_s] (2-23)

505 (P
V€02 ()Y07 (g) (PO

Er = B9 — ( (2-22)

Further simplification of Equation (2-23) leads to:

P

Er = B+ 15 () n (&) + (55) [nyco, + 0.5y, | (volt) (2-24)

where F = 96487 coulombs per g — equivalent.

For the case of the cell operation as a batch reactor with respect to the cathode side reactant mixture of CO, (4y and O, (4 initially

fed to the cell plenum in batch-form; it is interesting to relate the changes in the moles of species taking part in the overall cell
1110 Sarwan S. Sandhu!, RAJAR Volume 11 Issue 12 December 2025
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reaction, Equation (2-1), and also, relate the species mole fractions to a simple variable, ¢ (called the reaction extent). The reaction
extent, &, of the reaction, Equation (2-1), is a measure of progress of its occurrence towards right. A definition of d¢ is given by the
following equation for the reaction, Equation (2-1):

Vv  Veo, —VYou,  Viaco,, Vi
For any species i taking part in the overall cell reaction;
dni = Vi . df (1 = Na(s or ) COZ 9) 02 ) and Na2C03 (S)) (2-26)

Corresponding to the initial amounts, 'é' = 0, and 'é' = ¢ corresponding to an arbitrary extent of
the reaction, Equation (2.1).
Integrating, (2-26)

JL dn, = ividé (2-27)
Hig 0

(ni —nio) = v, € (2-28)
Therefore, n; = (nm + v, f) , (moles) of species i. (2-29)
For Nag) or 1y and Na,CO0; ),

"Wags) or @y = (nNa(s)_o -2 ) , (moles), (2-30)
MNayC05 () = MNazCos 50 T = 0+ & = ¢, (moles), (2-31)
Mo, (g) = Mo, (g0 ~ §» (Moles), and (2-32)
N0, g = M0, (g0 — 0.5¢, (moles). (2-33)

At the reaction extent level of &, total gas mixture moles in the plenum,

Mtotal (gas) = (nCOZ(g) + n02<g)) = ("COz(g),o 0,010 1'55) , (moles) (2-34)
Or,

Neotatgy = (Meotaty, — 1:5€), (moles) (2-35)
where

sum of the gaseous reactant species

Neotal gy, = (ncoz(g)’o + noz(g)'o) = ( in the initial >,(moles) (2-36)
feed mixture in the cell plenum

Carbon dioxide and oxygen mole fractions, at the reaction extent of &, are given as:

y — COz(g) — nCOZ(g).O_f (2_37)
C02(9) ntutal(g) ntotal(g)lo_l-sf ’
_ M0ag) _ M0y(g0” %%
and Yoy gy = eotal(g)  Mtotal (90~15¢ (2-38)
Equations (2-37) and (2-38) can also be expressed as:
Yyeo _(#
2(9).0 \"total (g),0
.VCOZ(g) = (2_39)
¢
1-1.5( —————
("total (g),o)
yoz(g)"_o's("t rfl( ) >
) otal (g),0
Yoaig) = (2-40)
1
1-1.5( ———
(ntotal (g),o)
Now, a modified reaction extent, &,,,4, is defined as:
=(—— 2-41
gmod “\n ( - )
total (g),0
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Equations (2-39) and (2-40) reduce to the following forms,
_ YC0y(g),0émod

Ycoa9) T T1o1550g (2-42)
_ yOZ(g)'O_O'Smed
Y029) T T 1-158,9g (2-43)

Putting, for noeq; (g),0 = 1 mole of (COz(g) and 02(9)) in initial mixture,
S(mod = f
Inserting the information for y¢o, @ and yo, - from Equations (2-42) and (2-43), respectively into Equation (2-24) and simplifying

leads to:

0.5
_fmo _Osfmo
Er = B9+ 15 (3) in (5) + () in boag1n (1_‘11),5::;;“’;;‘.’5 d , (wolt) (2-44)

It is here noted that the expression within the square brackets, [ ], is a function only of &,,,4. For the application of Equation (2-44)
at any cell temperature and pressure conditions, the modified reaction extent, $;,,4, must be such that it is less than yc,, (0> 38 well

as (0.5&,,,54) less than Y0u400 and (1.5&,,,4) less than 1.

Sodium ionic conductivity in the solid electrolyte, sodium beta-alumina solid electrolyte (Na-BASE), Na — ﬁ"A1203(s), at a
temperature, T[K], is given by:

E (1 1
Onatr = Onat, - exp [-Z (2 - T—O)] (2-45)
where g4+ 7, = sodium ionic conductivity at a reference temperature Ty = 298.15 K, (ohml_cm = c_m) ; E = activation energy for

the ionic transport through the electrolyte, (J - mol™1!); and R = the universal gas constant = 8.314, (J - mol™1 - K™1).
Using the supplemental information from Figure S2 [8], oy,+q, and (g) were determined. Their values are Oyq+ 7, =
3.540 x 10~3(ohm™1 - cm™1) = 3.540 mS - cm~" and (g) = 1248.88K.

The cell-voltage loss due to the resistance to the sodium-ion transport through the solid electrolyte sodium-beta alumina
(N a— B Al 03(5)) separator between the cell electrodes, during the cell discharge period, is given as:

igeomXlelectro—
(AV) arop-etectro-sep = (—" e ””),(volt) (2-46)
Nat,T
where /..., = thickness of the solid electrolyte .

It has been stated that the cell electrode activation overpotential (i.e., the cell electrode polarization voltage loss is negligibly small
(i.e., less than 0.050 volt depending on the cell operational temperature and geometric current density [8]). For the analytic work
being reported in this paper, it is further assumed that the porous cell cathode is thin enough that the resistance to the mass transfer
of chemical species carbon dioxide/oxygen gas from the cathode-side plenum to the highly active reaction sites for the overall cell
reaction, Equation (2-1), is negligible.
It has been mentioned [9] that a practical successful electrode should be free of species diffusional mass control. Also, it is assumed
that sodium ion transport in the cathode and its reaction with the gaseous species oxygen and carbon dioxide is such that the solid
reaction product is formed on the external surface of the cathode facing towards the cathode-side plenum, P.

The reactant species molar consumption rates, corresponding to a fixed value of the geometric current density,
Lgeom (amp : cm;ezom); according to the occurrence of reaction, Equation (2-1), are given as follows:

iy = (ig“’%).(mol sTteem™?) (2-47)
. i eom - —

oy = (7). (mol -7 -om™) (2-48)
Moy = (Lg:;m),(mol s7h-em™?) (2-49)
Also, the generation rate of solid product, Na, COss), from the cell reaction, is given by:

. i eom — —

MNayCOa(s) = (gzp ),(mol cs71em™2) (2-50)

For the case of relatively thin cathode electrode (e.g., 10um thickness), the cell voltage drop associated with the sodium ion
transport to the external surface of the cathode is expected to be negligibly small; of the order of 10mV or less depending on the
cell operational temperature and the magnitude of the cell geometric current density. For this situation, the cell operational voltage
available at a fixed geometric current density, igeom, is:

ET,ope‘rational = ET - [|(Av)drop—electro—sep| + |(Av)drop—electro—cath|] (2'51)
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where |(AV) dmp_electm_cath| = (voltage loss for sodium ion transport from the electrolyte separator to the exterior surface of the
cell cathode facing the cathode-side plenum. Here, for the assumption of a thin, porous cathode electrode, |(AV)drop—electro—cath|
is being set equal to zero. Consequently, E7 operationar = ET — [|(AV)dmp_electm_sep|] (2-52)
The cell electric power, P, is given as

P = (Eroperationat) X igeom, [W - cm™?] (2-53)
The cell electric efficiency, 1.y, defined as:

_ ET,aperational _ ET_Zj(lAvldrop,j)

Neett = Er Er (2'54)
Or,
xj(lav] Top,j
Meen =1 (%) (2-55)
T

where the (Zj) = (sum of the voltage losses, during the cell operation to deliver electric power to an electric circuit external to the
cell, due to the cell electrode reaction polarization, ohmic resistance associated with the electron and ion transport in the interior
cell components as well as with the electron transport in the cell anode and cathode current collectors. For the work presented in
this paper, 7.y 1S given by

Neoll = 1— (|(Av)drop—elez:tro—sep|> (2-56)

Er

We focused our analysis on the overall cell reaction, Equation (2-1); where the mixture of carbon dioxide and oxygen was assumed
to be dry. For the situation of this mixture being moistened with water vapor; there is likelihood for the occurrence of the reaction:
Na +0yg) + 5 Hy0() 2 NaOH (2-57)
The standard-state Gibbs free energy change of this reaction, AGS = (—265.208 kJ - mol™1) whereas that for the reaction, Equation
(2-1), is (—650.081 kJ - mol™1) at T, = 298.15K. AG{ for the reaction, Equation (2-1), is lower (i.e., more negative) than that for
the reaction, Equation (2-57), by the factor of 2.45. So, it is envisioned that the reaction, Equation (2-1), occurrence would
predominate over the reaction, Equation (2-57).

3. COMPUTED DATA AND DISCUSSION Figures 2 and 3 shows the standard-state, open-circuit cell
The data calculated from the formulation given in section 2 is voltage calculated using Equation (2-5) as a function of the
presented in this section in the form of plots. cell temperature.
= L8 -
. . .
N . =
= W -
-
.
£33 - *
TIx] .
Figure 3: The cell standard-state, open circuit voltage, E7, versus the cell temperature in the
Fagure 2: The cell standard state, open circuit voltage, Eg, versus the cell temperature, T| K] dimensiondess form, r’ .
The open-circuit cell voltage decreases from 3.26 to 2.95 volt show the effect of the cell Cathode-side reactant gas mixture
for the cell temperature increase from 373.15 to 573.15K. composition on the open-circuit cell voltage, E, as a function
One observes a linear relation between the cell voltage of temperature at Pio =1,2 and 3.
decrease and the cell temperature increase. Figures 4 and 5
A . ]
) i 3.20 L)
0 a ] ‘u 1.1 BT .
Lol B - T 510 e »
% 1 . s
] = 3.0
B 310 . » P i ; -
u: pic r. & = m 00 X : .I‘"_‘
- hor & 2 gt 0T
1.00 ’%—:,‘ L. 30 .
. 4 2 .85 .
290 B0
300 350 400 450 500 550 600 300 340 100 a%0 %00 460 600
T[K] T[K)
Figure 4: The cell open circult voltage, Ey, versus the cell temperature, T[K],for the
stochlometric mixture of carbon dioxide and oxygen Involved in the overall cell Figure 5: The cell open-circuit voltage, Er, versus the cell temperature, T[K], for the
reaction, non-stoichiometric gas mixture composition,
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In figure 4, a decrease in E; with an increase in the cell
. P

temperature is observed at a (p_O) value at the cell Cathode-

side stochiometric reactant gas mixture of carbon dioxide and

oxygen (carbon dioxide mole function =
2 and oxygen mole fraction = g) Also, at a cell

temperature; E; increases with an increase in (%) value;
however, the increase in E is small; for example, the increase
of = 0.03 volt for the (:;O) increase from 1 to 4 at
100°C (= 373.15K). Figure 5 shows the similar relation

between E; and (T and :;O) for the cell cathode-side non-

IR

stochiometric reactant gas mixture

(e. g., carbon dioxide mole fraction Ycoyg =

g L -~
E -
:‘-.: : .I-.-.l . )
E;‘n‘ 4 mﬁ" ',. |
) I -+

2 -.-..-.-..-..--.. .

4]

0 20 40 - . — |

Igeom (md - em™=)

Figure 6: The cell ohmic voltage loss due to sodium ion transport through the solid
soidum beta - glumina solid electrolyte of thickness, 10um.

At each cell temperature and solid electrolyte thickness, an
increase in the ohmic cell voltage loss with an increase in the
cell geometric current density is observed in the plots in
Figures 6 and 7 as expressed by Equation (2-46). Also, the
ohmic voltage loss through the solid electrolyte decreases
with an increase in the cell temperature at each cell-geometric
current density. This is because of an increase in the sodium-
ion ionic conductivity in the cell solid electrolyte as expressed
by Equation (2-45). Comparison current density of 50 mA -
Cmgfom shows the cell voltage loss of 2.8 and 5.6 volt,
respectively, for the solid electrolyte thickness of 10 and
20um.

S 320 025

A v

~ 345 020 @

§ s

£ 310 015 1
3

B 010 1

g 24 U o

13

W 300 005

igeom (A cm™)
Figure 8: The cell operational voltage, Ey pperational and electric poer density, P, versus the
geometric current density, i 5., for the cell solid electrolyte (Na — BASE) thickness of 10pom
and F% =4,

0.1053, oxygen mole fraction Yoyg) =

0.0526 and nitrogen mole fraction Nag) = 1-

(}’coz(g) + J’oz(g)))- Comparison of the data presented in

Figure 4 and 5 informs us that the open circuit cell voltage is
slightly lower for the cathode-side non-stoichiometric

reactant gas mixture at any (temperature,%) pair; for

example, lower by about 0.05 volt at T = 200°C and % = 2.

Figures 6 and 7 show the ohmic voltage loss associated
with the sodium ion transport through the cell solid
electrolyte of thickness 10 and 20um, respectively, as a
function the cell geometric current density ranging from 10
to 100 mA - Cmgezom at three different cell temperatures:
100,200 and 300°C

30
25 .
20

15

(ﬁv}s—s\'eﬂro (miy

o 0 a0 0 B0 100 120
igeom (A - em™*}

Figure 7: The cell ohmic voltage loss due to the sodium in transport through the solid

sodium beta - alumina solid electrolyte of thickness, 20grm.

Figures 8 and 9 show the cell operational voltage,
E7_operationat> and electric power density, P, as a function of
the cell geometric current density, igeom, for the cell solid
electrolyte thickness of 10 and 20um, respectively, with the

cell at % =4 and three different temperatures of
100, 200, and 300°C. At any cell geometric current density, a
slight decrease in the cell operational voltage is observed with
an increase in the cell temperature. For example, at the cell
geometric current density of 0.054- cm;ezom (50 mA -
cmg_ezom), the arithmetic-average operational cell voltage
decrease is approximately 0.15 volt as seen in Figure 8 over
the cell temperature ranging from 200 to 300°C for the cell
solid electrolyte thickness of 10um.

30 035
F\‘; 2
325 Erp ' -
- ToPTatioiag V8. Loy (7' = 1007 L~ 'f o0
iy .
o 025 2
= -
-~ =
= 315 020
<
5 2
€3 015 &)
:; 8“
n§ 305 010 3_/
00 005
285 L - 0.00
0.00 002 004 0.06 008 010 012

igeom(A* em™2)
Figure 9: The cell operational voltage, Er_ peyationat: and electric power density, P, versus the
geometric current density, i,.,m. for the cell solid electrolyte (Na — BASE) thickness of 20um
P
and B 4,
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Also, at a cell temperature, there is a slight decrease in the cell
operational voltage with an increase in the cell geometric
current density from 0.01 to 0.10 4 - cm;ezom. For example,
at 200°C, the decrease in the operational cell voltage is
approximately equal to 3mV over current range of 0.01 to
0.10 A - cmyZyy. At each cell temperature, the electric power
density, P, increases with an increase in the cell geometric
current density. The cell, with its solid electrolyte thickness
of 20um, shows the similar behavior with regard to the cell
operational voltage and electric power density as presented in
figure 9.

ET—uperational
ET
to deliver electric power to an external electrical circuit as a

Figure 10 shows the cell efficiency, .. =

}

function of the cell geometric current density, igeom, at 200°C
and (%) = 4 for the cell with its solid electrolyte thickness

of 10um. It is quite obvious that the electric power delivery
efficiency ranges from 99.98 to 99.80% over the cell
geometric current density ranges from 0.01 to 0.104 -
CMglom-
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Figure 10: The cell efficiency to deliver electric power, .., versus the geometric current density,
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4. CONCLUDING REMARKS IN BRIEF

In accordance with our intent to utilize carbon dioxide gas (a
global warming gas) as one of the fuel cell reactants to
generate electric power; the formulation based on the overall
cell reaction,

1
2Na + COygy + 502(9) = Na,C03(, has been developed

and presented in Section 2. The formulation can be used, for
example, to predict the following:

(a) The standard-state, open-circuit cell voltage as a
function of the cell temperature.

(b) The open-circuit cell voltage as a function of the cell
temperature with the cell cathode-electrode side
reactive gas mixture of carbon dioxide and oxygen;
the gas mixture may be in the ideal or non-ideal
thermodynamic’ state.

(¢) The cell operational voltage and electric power
density as a function of the cell geometric current
density.

(d) Electric power delivery efficiency of the cell as a
function of the cell geometric current density.

Some computed data examples are given below:

(A) The standard-state, open-circuit cell voltage
decreases from 3.26 to 2.95wvolt for the cell
temperature increase from 100 to 300°C.

(B) For the cell cathode-side stochiometric reactant gas

. . P
mixture of carbon dioxide and oxygen at 20 = 2, the

open-circuit cell voltage decreases from 3.26 to

2.95 volt with increase in the cell temperature from
100 to 300°C. Similar open-circuit cell voltage
behavior is observed for a non-stochiometric
reactant gas mixture.

(C) Ata given cell temperature and pressure, e.g., 200°C

and io = 4 for the cell having the solid electrolyte,
P

sodium beta-alumina solid electrolyte (Na —
BASE;Na — " — Al,05) of 10um thickness, the
operational cell voltage change is small, i.e., 3 mV
for the cell geometric current density range of 10 to
100 mA - cmggyp,.

(D) For the cell, with the solid electrolyte thickness of
10pum, at 200°C and % = 4, the electric power
density increases from 3.12 X 1072 to 3.11 X
107" W - emgg,,, with an increase in the geometric
current density from 10 to 100 mA - cm;ezom.

(E) For the cell, having the solid electrolyte of 10um
thickness, at % = 4 and 200°C; the electric power
delivery efficiency ranges from 99.98 to 99.80%
over the cell geometric current density increase from
10 to 100 mA - cmggyy,.
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