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The fundamental principles of thermodynamics, electrochemistry, transport phenomena, and
chemical engineering science have been used to assemble and develop the formulation

presented in this article. The formulation can be employed to predict the electrical performance
behavior of a high temperature solid oxide electrolyte fuel cell (SOEFC) with respect to, for
example, the cell Nernst electrical voltage, actual(terminal) cell voltage, total cell voltage loss,
electric voltage efficiency; the maximum, actual and Carnot cycle engine thermal efficiencies;
and the ratio of the reversible heat to the total cell reaction thermal energy production. Some of
the conclusions drawn from the predicted data, with hydrogen as the fuel feed to a SOEFC, are

as follows:

1) The Nernst open-cell electric potential decreases with an increase in the temperature

from 800 to 1100 K.

2) The cell electric potential decreases with an increase in the hydrogen fractional

conversion.

3) The cell open-circuit electric potential is higher at a higher cathode-side oxidant (air)

total pressure.
4) The total cell voltage loss increases
density at

linearly with an increase in the geometric current

lower current densities; nonlinearly at higher current densities.

5)
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Ratio of the reversible thermal energy production (associated with the overall cell
reaction entropy change) to the thermal energy production (associated with the overall
cell reaction enthalpy change) increases almost linearly over the temperature range
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800-1100 K.
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1. INTRODUCTION

A solid oxide electrolyte fuel cell (SOFC) is composed of
various components, all of which exist in the solid phase.
Several characteristics of SOFCs which are attractive for
utility and industrial applications [1,2] are listed below.

1.

All fuel compositions; for example, pure hydrogen,
carbon monoxide, natural gas or syn-gas (a mixture
of equal mole fractions of carbon monoxide and
hydrogen); can be oxidized spontaneously to
thermodynamic completion if an adequate amount
of air is supplied on the cathode side of a SOFC at a
high cell operational temperature, e.g. 1000 °C).

Expensive electrocatalysts are not required because
of the occurrence of the overall cell reaction at a high

temperature. The direct processing of a fuel, for
example,

CH, (g) + H,0 (g) - €O (g) + 3H; (9) is
permitted. Inthe absence of major ohmic IR-voltage
drops (i.e. the cell voltage losses associated with the
transport of electrons and ions in the various cell
components), they can be operated at much higher
current densities than the molten carbonate fuel cells
with high fuel conversion efficiency.

Operation of a SOFC is based on the oxide ion (0%7)
transport rather than transport of a fuel-derived ion.
Therefore, a SOFC can be employed to oxidize any
gaseous fuel.
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4. Because of high temperature operation and tolerance
to impure fuel streams, the SOFCs are attractive
when coupled with coal gasification plants.

5. The solid oxide electrolyte (e.g. yttria (Y,05 (s))
stabilized zirconia (Zr0, (s))) is very stable.
Therefore, no migration problems exist under the
cell operating conditions. The pore flooding and
electrocatalyst problems do not exist. The SOFCs
are said to have a good tolerance to overload,
underload and short-circuiting.

Additional information on the features and tolerance to
contaminants (e.g. sulfur) of a SOFC can be found in [1].

'an

Electro.

Fuel
Stream

e

Our motivation behind the formulation presented in
this paper is to guide the process design and development of
an experimental laboratory-scale, high temperature fuel cell
of the type sketched in Figure 1. After the acquisition of such
a system, it is here suggested to experimentally determine the
fuel cell electrode electro-kinetics parameters first; such as
the exchange current densities, i,, at the cell electrode-
electrolyte interfaces and the charge transfer coefficients,
and a,, over the temperature range: 700-1100 K for the
various fuel types mentioned above. The values of such
electrode-kinetics related parameters are always required for
the determination of the cell voltage loss due to the
occurrence of the electrode electrochemical reactions for
solid oxide fuel cell being operated at a constant current level.

WY

Oxidant
Stream

Figure 1. Sketch of a model high temperature solid oxide electrolyte fuel cell (not to scale)

The SOFC cell shown in Figure 1 is explained as follows:
The cell anode, A: It is a cermet of metallic nickel and yttria
(Y,05 (s)) stabilized zirconia (Zr0, (s)) with a porosity of
20-40% to facilitate the transport of reactant and product
gaseous specious. The cell electrolyte, (denoted Electro.):
Yttria-stabilized zirconia; yttria doping is required to stabilize
the cubic crystal structure as well as for the creation of the
oxygen vacancy defects required for the enhancement of
ionic transport of the oxide ions in the solid state. A typical
composition of the solid oxide electrolyte is: Yttria =16.9%
(by weight) and zirconia = 83.1% (by weight). The cell

cathode, C: Typical porous strontium-doped lanthanum
manganite, La;_,S1r,Mn0O; (0.10 < x < 0.18). The
strontium doping bestows the p-type electronic conductivity
by the creation pf electron holes. The electrode porosity
facilitates the oxygen mass transport to the interface between
the cell electrolyte and cathode. The fuel and oxidant species
in the cell flow channels are stirred for their uniform
distribution across the cross-sectional areas perpendicular to
x-coordinate of the cell anode and cathode, respectively.
Section 2 summarizes the theoretical formulation of the cell.
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2. THEORETICAL FORMULATION

2.1. Formulation for the determination of the reactant and product species molar flow rates and their mole fractions
The formulation presented here assumes hydrogen gas as the cell fuel and air as the oxidant. It is also assumed that the current
required from the cell is I amperes. Then, the cell anode and cathode geometric current densities are given by:

I I
and i§

i1 = (1a,1b)

A C
Ageom Ageom

Where Af.,, and AS.., are the geometric areas between the cell electrolyte and anode, and cathode, respectively,
perpendicular to the x-coordinate shown in Figure 1.

At the cell anode electrode, the overall electrochemical reaction is:
H, (g) + 0%~ - H,0 (v) + 2e~ 2

At the cell cathode electrode, the overall electrochemical reaction is:
1
202 () +2e~ - 0% 3)

For the galvanic SOFC delivering electric power to an external electrical load circuit, the net rates of the reactions, Eq. (2) and
(3) are in the forward direction. The species consumption (conv) and production (prod) rates via these reactions are as follows:

, i I
ngz(g).conv = ﬁ = m ; (moles of hydrogen gas consumed - s~* - CMyZom 4)
)
ny b (moles of water vapor produced - st - cmz%,,) (5)
H,0(v),prod 2F ZFAgeom , p p geom
i A
nha- = L ; (moles of oxide ions consumed - s™ - cmyZ,,, (6)
0“7, conv 2F ZFAgeom g
ic
né i _r (moles of oxygen gas consumed - s™* - cmy2,,) 7
0,(g),conv 4AF 4FAgeom , geom
ic
né,- I L ; (moles of oxide ions produced - s™* - cmz%,,) (8)
0*"prod ~ 2F ~ 2FAC.om g
The overall cell reaction is:
1
H, (g) + 202(9) - H,0 (v) ©)
To deliver total cell current, I amperes, the required total hydrogen conversion rate is:
My (g)conw = oF (total moles of hydrogen gas consumed - s~') (10)
The required total oxygen conversion rate is:
q yg
16, (g),conv = iF (total moles of oxygen gas consumed - s™%) (11)

Assuming the hydrogen gas feed contains water vapor at the water vapor mole fraction y,f,‘zo(,,)_o; the hydrogen feed rate is:
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total moles of hydrogen gas
-t _ A -t .
nHz(g),O - (1 - yHZO(v),O)nmoist Hy(g),0 ( fed . s~ to the anode ) (12)
Where,
At _ (total molar feed rate of the mixture of hydrogen)
moist Hz(9),0 and water vapor to the anode, moles - s~1
The fractional conversion of hydrogen to produce the required amount of total cell current, I amperes is:
H (9,
Xin(o) = 7; e (13)
H2(9),0
1
— 2F
Xhy(g) = ( ) (14)
yHZO(v) 0)Mmoist H,(g9),0
The total hydrogen molar flow rate at the cell anode-side flow channel exit is:
7;llt-lz(g),leav = fllt-lz(g),o - fllt-lz(g),conv = (1 - yﬁzo(v),o)flfnoist Hy(g),0 — ﬁ ; (moles - 5_1) (15)
The total water vapor molar flow rate at the cell anode-side channel exit is:
the water vapor entering the anode — side flow channel
.t - from the porous cell anode where it is produced via (16)
",0(w) leav = TH,0(),0 the occurence of the net electrochemical electron
producing (oxidation) reaction
-t _ A -t 1 . l -1 1
nHZO(v),leav - yHZO(v)nmoist H,(g),0 + ﬁ , (mo es-s ) ( 7)
The rate of the gas mixture leaving the cell anode-side fuel channel is:
ot — A -t I A -t [
Ngas mix,leav = (1 - yHZO(v),O)nmoist H (@0 ~ 3F +{ Y000 Mmoist Hy(g)0 T 2F (18)
Thus,
ﬁ;as mix,leav = flﬁnoist Hy(9),0 (19)

The mole fractions of the chemical species in the gas mixture leaving the fuel cell anode-side flow channel, are given as follows:
Vity(g)tear = Yity(g10(1 = Xiip(e)) (20)

ygzo(v),leav = 3’1320(1;),0 + ygz(y).o ’ XHz(y) (21

To obtain the cell current at the level of I amperes, the required oxygen conversion rate is given by:
I

fltoz(g),com; =15 (moles - s™1) (22)

Using the rule-of-thumb of ‘5 mole% of excess oxygen’ in the air feed to the SOFC so that there is no deficiency of oxygen to
consume the entire amount, if required, of hydrogen gas fed to the cell, the required oxygen feed rate to the cell cathode is:

nO @0 = 105( ) ; (moles-s™1) (23)
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Dry air molar feed rate to the cell on the cathode-side,

1 I
ngfm = <m) ngzc(g)’o =1.25 <f> ; (moles-s™h)

Total oxygen molar feed rate to the cell on its cathode-side,

I
-t,C _ .t,C . _
g0 = 02114 = 0.2625 <F> ; (moles -s™)

Total nitrogen molar flow rate in the air feed to the cell on its cathode side,
- t,C _ . t,C 5 I . I 1
nNz(g),O —_ 0.79Tlair'0 —_ 0.987 F ) (mo es s )

Total nitrogen molar flow rate in the gas mixture at the exit of the cell cathode-side flow channel,

. . I _
s =y = 09575(L) 5 mals 5

Total oxygen molar flow rate in the gas mixture at the exit of the cell cathode-side flow channel,
1 I
. t,C _ =tC - t,C _ —
Mo, (@) iear = M0,(9),0 ~ Mo, (g),conv = 0.2625 (F) - (4F> -

I
=0.0125 (F) ; (moles -s™1)

Total gas mixture molar flow rate at the exit of the cell cathode-side flow channel,

. t,C _ tC - t,C —
ngas mix,leav — nNz(g),leav + noz(g),leav -

I I
= 0.9875 (f) + 0.0125 (f) ; (moles-s™1)

Thus,

- t,C
n

—_ . o1
gasmix,leav_F ’ (mOIeS S )

Oxygen mole fraction in the gas mixture at the exit of the cell cathode-side flow channel,

.t,C
Mo, (g) leav

ygz(g),leav =~%c - 0.0125

gas mix,leav

Nitrogen mole fraction in the gas mixture at the exit of the cell cathode-side flow channel,

-t,C
"N, () leav

VS @iear = et - = 0.9875

gas mix,leav
Formulation for the determination of the SOFC Nernst voltage

The cell Nernst voltage, at a temperature T, is given by the following equation [3]:

RT
By =E; ——In (H(ai)w> . (wolt)

Where,

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(BD

(32)

(33)
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Z VA; = 0 (34)

i

Here @; is the activity of a species involved in a cell or an electrode reaction, v; is the stoichiometric coefficient of species 4;
involved in the cell or an electrode reaction (negative if consumed and positive if produced), F is Faraday's constant
(96487 coulomb - mol™1), n is the number of moles of electrons involved in the occurrence of one mole of an electrochemical
reaction, R is the universal gas constant, E; is the standard-state electric potential associated with an electrochemical reaction
occurring at a temperature T (K) when the activity of each species involved in the reaction is unity (a; = 1).

E7 can be determined from the following equation,

. _ (ZAGr I 34
= (550 5 o (340)
Where AG is given by [4],
AG;  AGy—AH; AH; 1 ¢ AC, ¢ AC,
r _ 250~ Ao o, 2| (2% _ 2
RT RT, +RT+Tf(R)dT f(R)dT (35)
Ty To

Where AG; = Zi(viGio,T) is the Gibbs free energy change of the reaction (Eq. (9)) at temperature T. AG; and AH; are standard
quantities of the reaction at the reference temperature T, = 298.15K and are defined in Egs. (36a) and (36b):

AGy = Z(viG;TO) = Z(viAGf"_i_To) (36a)
i i

AHG = ) (viHiz,) = ) (vikH iz,) (36b)
i i

C,,; is the standard-state heat capacity of species i at temperature T and its change due to reaction, AC; is defined in Eq. (36¢):

AG = Z(Vicz;,i) (36¢)
i
The enthalpy change of the reaction at temperature T is given by,
T
ACy
AH; = AH{ + R J <T) dr 37)
To

Eq. (33) for the cell reaction represented by Eqg. (9) leads to:

RT a
Ey = Ep — (—) In <L(”§) . (volt) (38)

~ ~0.
A1, (9)%0,(g)

Where @y, o) and dy, (g are the activity of water vapor and hydrogen gas, respectively, in the cell anode-side gas mixture in
the fuel chamber at temperature T and total pressure P#; and o, (g) is the activity of oxygen gas in the gas mixture at temperature
T and total pressure PF in the cell cathode-side oxidant (air) chamber.

The activity of a species i in a gas mixture is given by,

;P
a = —¢l;'§ : (39)
Where, y; is the mol fraction of species i in the gas mixture, P; is the total pressure of the mixture, P° = 1 bar (the standard-
state pressure), and ¢; is the fugacity coefficient of species i in the gas mixture which accounts for any non-ideal behavior. The
formulation to calculate ¢; is available in [4]. If the total pressure, P, is less than 5 bar, it is appropriate to assume ideal behavior.

Thus:
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Pr=¢f=1 (40)

For this situation, Eq. (38) is expressed as:

RT / a \ RT [Pf
ETzE;—<ﬁ>ln ELONE +—ln( t) ;. (volt) (41)

, 2nF P°
A c
\sz(g) yOz(y)/

Eqg. (41) is the Nernst equation for the cell with the fuel and oxidant mixtures in the ideal state.

Formulation for the determination of the cell electrode overpotentials, 5y, or the electrochemical kinetics polarization
voltage losses associated with the occurrence of electrochemical reactions in the cell electrodes

The surface overpotential, 1, for an electrochemical reaction associated with the charge transfer across the interface between
the cell electrolyte and the active material of an electrode, is given by the celebrated Butler-Volmer equation:

aAFns> —exp (“cF(_Us)

ins = lo [exp( RT T )] ; (amperes - cm3;?) (42)

Where i, s is the interfacial current density normal to the interface between the electrolyte and the active material of a cell
electrode, i, is the exchange current density for an electrochemical reaction occurring in a cell electrode (amps - cm™2). This
depends on the composition of the reactive gas mixture adjacent to the cell electrode, as well as the temperature and nature of
the electrode surface. Furthermore, @, = (1 — f)n and a, = fn are the apparent charge transfer coefficient, respectively, for
the charge transfer across the electrolyte-electrode interface in the anodic (oxidation or electron producing) and the cathodic
(reduction or electron consuming) direction of an electrochemical reaction occurring at a finite rate.

By definition, the electrode surface overpotential is,

ns=V-U (43)

Where U is the reversible or Nernst electric potential at an electrode of a galvanic cell when i,, ¢ = 0 and V is the cell actual or
operational electrode electric potential when the interfacial current density has a finite value except zero. The symmetry factor
B represents a fraction of the actual electrode potential, V, which promotes the cathodic direction reaction. Similarly, (1 — )
is the fraction of the electric potential, V, which promotes the anodic direction reaction. In the absence of the exact values of
a, and a of an electrode electrochemical reaction, it is frequently assumed that g = 0.5 so that Eq. (42) reduces to:

nF nF(—
ins =g [exp (WZ’S) — exp (%)] ; (amperes - cm3?) (44)
Or,
i nF nF
R )
Which can be represented as,
ins - nFrIS
fns — 5 h( ) 4
i, M\ 2rT (46)

For the electrode reactions in Eqg. (2) and (3), n = 2, therefore Eq. 46 reduces to:

i F
=2 sinh( 775) 47)

i RT

This is valid for each of the two electrodes in the galvanic cell.
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During the period of the SOEFC delivering electric power to an external electrical load circuit; the net current density, 7., at
the cell-anode electrode is assumed to be positive along with the overpotential n2 being positive; whereas, the net current
density, i , at the cell-cathode electrode is taken to be negative along with n$ being negative or (—n¢) as positive.

By the use of Taylor series, Eq. (42) is expressed as:

ins (aA + aC)Fns 1 2 2 (Fns>2
V= 4 — — + .. 48
i RT 21 = @)\ Zr (48)
At small values of n,, this reduces to:
in_,s - (aA + aC)Fns (49)

i RT

It is here noted that for a given reactive mixture composition adjacent to the cell electrode surface, there are three
electrochemical reaction kinetic parameters: iy, a,, and a.. For large values of n (e.g. |ns| > 0.1 volt), one of the terms in
Eq. (42) is negligible relative to the other. The overall electrochemical reaction rate is then given by:

aF S
ins = o exp( RTn ), (for (ag Fns) » (RT)) (50)
Or
Ins = —lgexp <— 05;1;775)’ (for (a.Fn,) <« (—RT)) (51)

Egs. (50) and (51) are known as the Tafel equations. On further rearrangement, Eq. (50) and (51) are now given as

()= (22
() = ()

The left-hand side of Eq. (52) plotted vs. n, as well as that of Eq. (53) plotted vs. (—n,) would result in a straight line; the slope
of which is (a,F/RT) for Eq. (52) and (a.F /RT) for Eq. (53). Using of experimental data, such plots can be developed and
the slopes can be obtained thereby allowing for the determination of a, and a.. One is referred to reference [5] for more
comprehensive information on the electrode reaction kinetics.

For the case of the porous electrodes of a galvanic fuel cell, the relation between i,, ; and the geometric current density, i, geom,
for each of its electrodes is

ln,geom

ins =———, (amp-cm?) (54)
Qerr
Where

ef fective interfacial area between the cell

Qefp = electrolyte and the grains of active material of an (54a)

electrode of the galvanic SOEFC, (cm? - cmy%,,)
The effective interfacial area of each electrode of the cell is related to its thickness as follows:

ales =%a%,  (cm?-cmyZy) (55)
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aler =4%af,  (cmZ - cmyZym) (56)
Where £4 and £ are the thicknesses of the anode and cathode electrode of the cell (cm), a“ and a® are the effective interfacial
area per unit volume of the anode and cathode electrode of the cell (cm?2 - cm2,;r0q4e)- Furthermore, if the information on the

effective interfacial area between the electrolyte and each cell electrode active material per gram of the composite electrode,
Sy (ecmi - g~1), is available; then:

Qepf = MbeomSa 5 pr = MGeomSS (cm2 - cmyZ,m) (57a,57b)

Where mﬁeom and mgeom denote the mass of the cell composite anode and cathode electrodes per unit geometric area
perpendicular to the x-coordinate shown in Figure 1.

mé, m¢,

A _ (o] . I _ tot -2

Mgeom = AA v Mgeom = AC (gm : Cmgeom) (580,, 58b)
geom geom

Formulation for the determination of the ohmic voltage drops due to the transport of ions and electrons in the components
of the model SOEFC sketched in Figure 1

The ohmic voltage drops in the anode, cathode, and electrolyte of the model cell are given, respectively, as follows:

7)3 = {)Ap;lesistirlg,geom (volt) (59a)
775. = fcpfesistig,geom (volt) (59b)
775 = {)EprEesistig,geom (volt) (59¢)

Where, £4, £¢, £€ represent the thickness of the cell anode, cathode, and electrolyte respectively (cm); p4, p¢, pE are the
electrical resistivity of the cell anode, cathode, and electrolyte respectively (Q - cm); and i} geom, in geom: in,geom denote the
geometric current density associate with the charge transport through the thickness of the cell anode, cathode, and electrolyte
respectively (amp - cmgZom).

The total cell voltage loss associated with the occurrence of electrochemical reactions and transport of the charged species
(electrons and ions) is given by:

ERs =1md +n8) + (nf +ng +nd]  (volt) (60)

(Note: the cell electrodes are assumed to be thin in this presentation.) The predicted cell voltage for the SOFC delivering electric
power to an external electric load is given by:
veell = Efel — Eig (volt) (61)

Where the Nernst cell voltage, ES¢Y, is given by Eq. (41).

The cell electric power delivery to an external electrical load circuit at a geometric current level of iy, is given by:

P =igeomVe (watts - cmzty) (62)
Maximum fuel cell efficiency when the cell is operated at temperature T (K) is:
Eefficiency — _AG;'

max —AH?®
T
And the actual cell operational voltage efficiency is given by:

(63)

169 | Sarwan S. Sandhu?, RAJAR Volume 10 Issue 08 August 2024



“Model for the Prediction of Performance Behavior of a Solid Oxide Electrolyte Fuel Cell”

Eefficiency _ Vcell 64
voltage - E;ell ( )
While the actual cell thermal efficiency is:
. 2FV{Jell
Eefflctency — (64(1)
thermal —AHT
The actual rate of thermal energy production due to the total cell voltage loss at the current level of iy, is given by:
q = igeomEltgsts (Watts : Cm‘;ezom) (65)

If a gas turbine engine is working between a high (source) temperature, T;, (K), and a low (sink) temperature, T, (K), the gas
turbine Carnot cycle engine efficiency is given by:

T

ffici —
B =1 (60

It is here suggested that all the cell efficiencies given in equations (63) through (64-a) be compared with the turbine Carnot
cycle engine efficiency.

3. Simplified theoretical formulation-based equations employed to compute the theoretical model data
Using the species heat capacity information [4], Eq. (35) and (37) were reduced; for the overall cell reaction: H,(g) +

~0,(g) ~ H,0(g); to:

(—AGy) = 237720.7547 — 32.3498T + 0.0032T?

62940 13.28991 ( ! ) 67
4977 M\ 29815 67
125960
(—AH;) = 237719.53 + 13.2899T — 0.0032217T? + (68)
Inserting (—AG7) from Eq. (67) into Eq. (34) leads to:
| ,  62940.0
E;77 = F [237720.7547 — 32.3498T + 0.0032T~ +
T

For the reaction represented by Eg. (9), n = 2 g-equivalents per g-mole of the reaction, Eq. (9).

Inserting (—AG3), (—AH;), and E;?, respectively, from Eq. (67), (68), and (69), into Eq. (63), (64), and (64-a) leads to:

. 237720.7547 — 32.3498T + 0.0032T2 + 629;.‘0'0 ~13.28991n (29515)
EgiTicteney = 125960 ' (70)
237719.53 + 13.2899T — 0.0032217T? + ==
[pofficiency _ yeell . 2F .
voltage - 62940.0 T ( )
237720.7547 — 32.3498T + 0.0032T + 2= — 13.2899 In (298 15)
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Eefficiency _ veell . 2F (72)

thermal
237719.53 + 13.2899T — 0.003221777 + 125760

By combining Egs. (20), (21), and (31) we obtain:
}’ﬁzo(v)

A A
YH,0w) — 89443 YH,(9)

’ 1-X
A c Hz(g)
YH,(9) | Y02(g) ’

+ XHz(g)
(73)

Therefore:

Yii,ow)

H,0

yA yAZ . +XHz(g)

H200) ) = 21910 +In| 222 (74)

, 1-X
A c Hz(g)
VH,(9),|Y02(9) ’

Inserting the information from Eq. (74) into Eq. (41) leads to:

In

Yit,00)
H,0(v
ooy,
E —E°—(E)L 1910 + In | Vg " |]+£1n PN voln) (75)
TV 1= Xp,cq) /| 2nF \P°) ’
For dry hydrogen feed to the cell, y,‘;‘zo(v) = 0 and Eq. (75) reduces to:
RT Xi,(9) RT (Pf
Er = B — (—)(2.1910 + In | —22— || + —1 ; It 76
T <nF>[ * n(1—XH2(g) T ot \pr) ¢ Wol) (76)

This is valid for the reaction in Eq. (9) with n = 2 and Xy, (4 € [0,1].

Note that the hydrogen fractional conversion, X is related to the total cell current by the following equation,

H, (9)

mols of hydrogen gas converted via reaction per second

X = 77
H2(9) hydrogen molar feed rate to the cell anode — side channel per second 77)

Thus:

(3r)
Xuy(9) = Tta (77a)
nHz(y).O

The rate of thermal energy production per unit geometric area due to the occurrence of the overall cell reaction, Eq. (9), if all of the
hydrogen fuel is oxidized to produce only thermal energy, is given by:

Gonty thermat = (—AH7r) X (mol of reaction) ; (watt . cmg_ezom) (78)
) , - 125960\ (i geom
donty thermal = (237719.53 + 13.2899T — 0.0032217T* + T ) ( °F ) (78a)

The change in the standard-state entropy due to the occurrence of the overall cell reaction, Eq. (9),
is given by
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1
ASty = Shzo(9) ~ <SHz(y) + 5502(9)) (79)

Using the species entropy data [7] at T, = 298.15 K,

o _ J
ASf, = —44.385 —— (80)
The standard-state entropy of a species [4] at temperature, T, is given by:
T ig.
Sir = Sq, + f %dT (81)
To
o o T C; 2 2 D; (1 1
Sip = Si, +R Ailn(T—()) PRI =T+ 5 (=T =5 (= (81a)
Change in entropy associated with the occurrence of the reaction, Eqg. (9), at temperature, T[K],
Is given by:
. C e T AC ., . AD(1 1
AS; = Zvism =S; +R AAln(T—O) +AB(T = To) +— (T = T§) = —- 77T
13
where
AA = ZviAi = —1.5985
i
AB = Z v; B; = 0.000775 (82)
i
AC = ZVi Ci =0.0
i
AD = Zvi D, = 15150
i
Combining the information provided in Eq. (80) and (82) leads to:
AS7 = 45.598 4+ 13.28991 < ) 0.00644T + 62979 (83)
T “977 M 298.15) T T2
Where the cell temperature is in K.
The ‘reversible’ thermal energy production per g-mole occurrence of the overall cell reaction, Eq. (9), at temperature, T[K],
rev thermal o 2 62979
qrevthermal — T(—AS7) = 45.598T + 13.2899T In (298 15) —0.00644T2 + (84)
The ratio of gjev they™ to (—AH7) is given as:
T , . 62979
| qievthermal 45,5987 + 13.28997 In (gggz) — 0.00644T2 + 257 @)

(—=AHz) 237719.53 + 13.2899T — 0.0032217T2 + 125T960
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Where the cell temperature is in K.

4. Computed data for a typical formulation-based SOEFC and brief discussion
Figure 2 shows the Nernst cell electric voltage, ES¢%, plotted versus the hydrogen fuel fractional conversion, Xu, (g, at three
temperatures: 800, 1000, and 1100 K.

1.4 1
— T'=800K

1.3 1 — T=1000K
T=1100K

0.0 0.2 0.4 0.6 0.8 1.0
X H,(g)

C
Figure 2. The open circuit cell voltage vs. hydrogen fuel fractional conversion at l;—to =1

At each value of the hydrogen fuel fractional conversion, the Nernst cell voltage decreases with an increase in the cell temperature.
Also, at each cell temperature; the Nernst voltage decreases with an increase in the hydrogen fractional conversion in the manner

C C
shown in the plots. The plots in Figure 3 at I;—i = 10 are similar to those shown Figure 2 at % =1.

1.4 1
— T=800K

1.3 1 \ — T=1000K
T=1100K

0.0 0.2 0.4 0.6 0.8 1.0
XHy(g)

C
Figure 3. The open circuit cell voltage vs. hydrogen fuel fractional conversion at % =10
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The Nernst cell voltage in Figure 3 is slightly higher than that in Figure 2 for each set of the values of the cell temperature and the
hydrogen fuel conversion. Thus, the effect of an increase in the oxidant reactant total pressure on the cell open circuit voltage is
demonstrated.

0.5 1

0.1 - odl

004 -~
0.0 0.2 0.4 0.6 0.8 1.0

in, geom [amp / Cmgeom}

Figure 4. The SOFC operational voltage lossat T = 1100K

Figure 4 is the plot of the calculated total cell voltage loss [2, 6], E{2%, versus the cell geometric current density, In,geom, at the cell
operational temperature of 1100 K. At low geometric current densities, the relation of the cell total voltage loss with the geometric
current density is a straight-line behavior; whereas at higher current densities, it is non-linear. This is the representation of the effect
of the cell electrochemical reaction polarization voltage loss on the total cell voltage loss which accounts for all the cell voltage
losses due to the transport of electronic and ionic species in the various cell components and the electrochemical reaction polarization
voltage losses at the both cell electrodes.

0.90 - o pf/p°=1
A pf/p’=10
£ 0.85 1
~ A
3 oA
S ® o . A
= 0.80 ° AL
O ] A
S °
QL
3 ¢
= 0.75 A
K
0.70
0.0 0.2 0.4 0.6 0.8 1.0
L Hy(g)

Figure 5. The SOFC operational voltage efficiency vs the hydrogen fuel fractional conversion
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cell
Figure 5 shows the plots of the cell electric voltage efficiency, E,fgl’; = % versus the hydrogen fuel fractional conversion for the
T

c c
cell geometric current density of 0.5 amp - cmgZ,,, at the cell operational temperature of 1100 K at ‘;—i = land % = 10. The profile

at higher cathode-side oxidant total pressure of 10 bar lies above that at lower cathode-side total pressure of 1 bar. The cell electric
voltage efficiency is a fractional measure of the overall cell reaction’s Gibbs free energy change, associated with the oxidation of a
fuel (here, hydrogen fuel), to produce electrical energy.

Figure 6 is the plot of r versus the cell operational temperature. Here r is defined as below:

reversible thermal energy or heat production associated with the\]
entropy change due to the occurence of the overall cell reaction
at the cell temperature T

total thermal energy production associated with the enthalpy
change due to the occurence of the same overall cell reaction
at the same cell temperature T

The linear relation of r with the cell temperature is quite apparent. This quantity r is indicative of the ratio of the reaction reversible
heat generated to the total thermal energy generated if the fuel is assumed to be completely converted to the final product species
(here, water vapor from the hydrogen fuel used in the current analysis).

0.26 1

0.24 1

0.22 1

~ 0.20

0.18

0.16 1

0.14 1

0.12 1, . : . . . . 1
600 700 800 900 1000 1100 1200 1300

TK]

Figure 6. The ratio of the thermal energy production due to the change in entropy to that in enthalpy because of the
occurrence of the SOFC overall reaction, Eq. (9).

Figure 7 shows the plots of the rate of thermal energy production, §.perma; Versus the cell geometric current density, i, georm, at an
operational temperatures of 800 K. The relation of the thermal energy production rate (assuming that the cell fuel (hydrogen) is
oxidized completely to final product species, water vapor) with the geometric current density is linear. Similar data at operational
temperatures of 1000 K and 1100 K overlap the data shown due to insignificant changes in the enthalpy of the overall cell reaction.
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1.4 1
— T=800K

— T=1000K
T'=1100K
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< < < =
= o) oo o
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1
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Figure 7. Rate of thermal energy production with the enthalpy change due to the overall reaction, Eq. (9) vs the geometric
current density

Three relevant thermal efficiencies are defined as follows:

o i
gerf, = (BGE) perr (VTN L per =(1—£)
max AH; 4 actual —AH-} 4 Carnot Th

At a cell operational temperature of 1100 K, the maximum and Carnot cycle thermal efficiency are, 79.08% and 62.90%,
respectively. The Carnot cycle engine thermal efficiency was calculated using the sink thermal reservoir temperature, T, =
408.15 K. The high temperature SOFC’s actual thermal efficiency for its operation at the geometric current density, iy, geom =

C
0.5 amp - cmylym , % =1,and T = 1100 K is shown in Table 1.

Table 1. Calculated thermal efficiencies of the SOFC at various hydrogen fractional conversions
Hydrogen

fractional
ractloha 005 010 0.20 0.40 0.60 0.80 0.90
conversion,

XH,9)

Predicted cell
terminal 0.8323 0.7969 0.7585 0.7120 0.6735 0.6271 0.5886

voltage, Veelt

Ezfual 0.6793 0.6504 0.6190 0.5811 0.5496 0.5118 0.4804
Three types of thermal efficiencies as shown above should be them; thus, providing very useful information with regard to
computed and compared. The comparison of the cell actual arriving at the decision in the selection of an electric power
thermal efficiency to the Carnot cycle engine-based thermal system, a high temperature SOFC or a Carnot cycle-based
efficiency would give the information about the gap between heat engine. Based on the difference between the cell
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maximum and actual thermal efficiencies, a fuel cell designer
can modify the cell design to change the hydrogen fractional
conversion for a fixed set of values of reactant total pressures,
temperature, and geometric current density to achieve a
desired cell performance.

5. CONCLUDING REMARKS

The assembled/ developed formulation for a high temperature
SOEFC presented in Section 2 was used to compute the data
with hydrogen gas as its fuel. Some typical predicted data
were presented in the form of plots in Section 4. The
following conclusions are drawn from the predicted data.

(@ The Nernst cell electric potential decreases with an
increase in the cell’s operational temperature range:
800 through 1100 K. Also, this electric potential
decreases with an increase in the hydrogen fuel
fractional conversion.

(b) For each set of temperature and hydrogen fractional
conversion, the Nernst cell electric potential is
higher at a higher cell cathode-side oxidant total
pressure.

(c) The relation between the total cell voltage loss and
geometric current density is linear at lower
geometric current densities; it is nonlinear at higher
geometric current densities.

(d) The electric voltage efficiency of the cell (a measure
of the fractional utilization of the Gibbs free energy
change associated with the occurrence of the overall
reaction) is higher at a higher cathode-side oxidant
pressure.

(e) The ratio of the reversible heat to the thermal energy
production due to the occurrence of the overall cell
reaction increases in a linear way with an increase in
the cell operational temperature.

() The rate of the thermal energy production,
associated with the overall cell reaction enthalpy
change, increases linearly with an increase in the cell
geometric current density at an operational cell
temperature.

(9) The maximum thermal efficiency is greater than the
SOFC actual thermal efficiency.

(h) The formulation, presented in this paper, can be
conveniently adapted for the performance analysis
of a high temperature SOEFC being fed with a fuel,
such as: methane, natural gas, syn-fuel, hydrazine,
octane, etc.

It is here suggested that after the validation of the
fundamental theory-based formulation presented in this
paper using the carefully acquired accurate experimental
data, it be compared with the model previously appeared
in the literature, for example, in the reference [8]. It is
hoped that such a comparison would clearly illustrate the
level of accuracy of each model to predict the
performance of a high temperature solid oxide-
electrolyte fuel cell to deliver electric power to an
external electric load over the cell operational
temperature range of 700-1100 K.
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