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A one-dimensional (1D) homogeneous unit cell model was developed to study the performance of the molten carbonate direct
carbon fuel cell (DCFC), which uses solid carbon as fuel and molten carbonate as electrolyte. It is the first unit cell model for the
molten carbonate DCFC in which both 4-electron carbon oxidation and 2-electron CO oxidation reactions, as well as the reverse
Boudouard reaction, are considered. The simulation results verify that, besides the relatively sluggish kinetics of the anodic reactions,
cell performance is mainly limited by ohmic losses in the anode. Further modeling exploration reveals that a minimum effective
electronic conductivity of around 0.56 S/cm is required to facilitate proper electrical conduction in the cathode to attain high DCFC
performance. It was found that there are optimal volume fractions for the carbon fuel and liquid electrolyte in the anode. If the
effective electronic conductivity of the cathode falls to 0.56 S/cm, optimal volume fractions also exist for the solid material and liquid
electrolyte in the cathode. The detailed modeling analysis showed that performance improvement at high operating temperature was
mainly attributed to improvement of anodic kinetics and reduction of ohmic loss in the electrolyte of electrodes and electrolyte matrix.
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Power plants operating on fossil fuels, especially coal, provide
more than 80% of global primary energy and release copious quanti-
ties of CO, and other contaminants into the environment.! Significant
reduction of greenhouse gas (GHG) emission requires highly efficient
technologies to convert carbonaceous solid fuels into electricity. A
direct carbon fuel cell (DCFC) converts the chemical energy in the
carbon fuel directly into electricity without gasification and is consid-
ered as one of the most promising and highly efficient technologies in
power generation, CO, capture and sequestration.> Compared to con-
ventional coal-fired power plants and to other fuel cell types, a DCFC
has high system efficiency (~60%) and thus has great potential for
GHG reduction. Electric Power Research Institute (EPRI)? conducted
an assessment of direct coal conversion fuel cells for utility applica-
tions and concluded that the technology could be used to address the
coal utilization issues with the potential benefits of low carbon pol-
lution, high conversion efficiency, low cost of coal fuel, low cost of
concentrated CO, sequestration as the by-product, etc. Another huge
advantage of DCFC technology is its adaptability to a variety of fuels,
such as coal, coke, tar, biomass and organic waste. Fuel utilization in
a DCFC can be almost 100% and its product gases are distinct phases
and thus can be separated easily.

Based on the electrolytes used, DCFCs can be classified into three
categories: molten hydroxide DCFCs, molten carbonate DCFCs and
solid oxide DCFCs. Previous R&D of molten hydroxide and molten
carbonate DCFCs is reviewed in detail in Refs. 1,2 while solid oxide
DCEFC development is presented in Ref. 4. The most recent advances
in DCFC technology development are summarized in Refs. 4,5, from
materials for anodes, cathodes, and electrolytes to system design, car-
bon fuel morphology, and technical challenges. Despite these recent
advances, DCFCs are still in a preliminary development stage. Con-
siderable uncertainties need to be understood and addressed to allow
further development, such as reliability, lifetime, cost, etc. Compared
to the two other types of DCFCs, molten carbonate DCFCs have been
viewed as one of the highly potential types of DCFC systems.>

So far most of the DCFC R&D has focused on experimental ex-
ploration, which is a costly time consuming process. Modeling sim-
ulation, as a powerful complementary tool, can provide insights or
guidance on where and how DCFC performance can be improved.
However, until now, only limited efforts have been made to develop
models due to the complexity of the DCFC system and to incomplete
understanding of the CO/CO, reversal reaction in the anode. Most
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available DCFC models are empirical or electrochemical, and do not
consider the transport of the gas species within the entire DCFC. For
instance, Elleuch et al.® developed analytical models for molten car-
bonate DCFCs and conducted a comparative study for two cases: one
producing CO, only and one generating a mixture of CO/CO,. They
concluded that under the same operating conditions the DCFC produc-
ing a mixture of CO/CO, exhibited 15% performance improvement
compared to the one producing CO, only. Zhang et al.” proposed an
electrochemical model for fluidized-bed DCFCs and studied the ef-
fects of operating conditions (temperature, flow rate, pressures) on per-
formance. Xing et al.® proposed an electrochemical model for a molten
hydroxide DCFC and investigated how performance varied with tem-
perature, pressure, O, flow rate, and fuel mass. Eom et al.” modified
the electrochemical model by taking into account the correlation func-
tion between surface properties and inner resistance. Liu et al.'” intro-
duced an improved packed bed anode into an electrochemical DCFC
model and investigated the effects of temperature, anode dimension,
and carbon particle size on cell performance. Li et al.'' employed a
microstructure model of carbon particles to estimate the activity of
carbon and to refine the open circuit potential in a DCFC electro-
chemical model. The above empirical or electrochemical models are
very useful in understanding qualitatively the effects of design and
operating parameters on DCFC performance. However, these models
did not calculate profiles of the reactant species in the DCFC, whose
system design and performance therefore could not be fully optimized.
Some work has been done to develop comprehensive DCFC models
to include gas transport and electrochemical reactions. For example,
Alexander et al.'> developed a 3D model for a solid oxide DCFC. The
model was used to calculate the performance of a tubular fuel cell
design with idealized electrode exchange current density parameters.
Elleuch et al.'* developed a 2D model for a lab-scale planar DCFC by
taking into account the electrochemical mechanism and mass and heat
transfer in all regions of the cell. The temperature profile and CO, and
O, concentrations over the cell domain were presented. The effects
of temperature, inlet gas flow velocity, porosity of the electrolyte ma-
trix, cathode exchange current density, and anode specific area were
discussed. The model did not include the reverse Boudouard reaction.
Agarwal' investigated the molten carbonate DCFCs using packed
bed models and conducted a series of parametric studies. The results
demonstrated that the activation and ohmic polarizations were more
important to cell performance than the concentration polarization. The
model included the transport and electrochemical processes occurring
in both the anode and the cathode, but CO generation and axial diffu-
sion were neglected. More recently, Chen and Selman'>'® developed
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Figure 1. Schematic of a DCFC unit.

a 1D homogenous model for the anode of a molten carbonate DCFC
by taking into account both the 4-electron carbon oxidation and the
2-electron CO oxidation reactions as well as the reverse Boudouard
reaction. Again it was found that DCFC anode performance is mainly
limited by the ohmic losses and the relatively slow anodic reactions.
A similar 1D homogenous anode model was employed by Mahesh-
wari et al.'” to study the dependence of a molten carbonate DCFC’s
performance on some design and operating parameters, such as bulk
conductivities of the solid carbon fuel and the liquid electrolyte in the
anode, carbon loading and anode thickness, etc. The anode model'®
was also used to study the dependence of the CO, and CO concentra-
tion profiles on some operating and electrochemical parameters, such
as time, bulk conductivities in the liquid and solid phases, and specific
reaction surface area. Such anode models are limited to the anode pa-
rameters and cannot be used to study the effects of the cathode- and
the electrolyte matrix-related parameters on the DCFC performance.

This paper develops a 1D homogenous unit cell model for a molten
carbonate DCFC. The model domain includes all three components
of the cell: cathode, anode, and the electrolyte matrix layer between
the two electrodes. The 4-electron carbon oxidation reaction, the
2-electron CO oxidation reaction, and the reverse Boudouard reac-
tion are all considered. This unit cell model enables calculation of the
potential and the reactant profiles through the thickness of the cell. The
model is employed to conduct parametric studies of the effect of vol-
ume fractions of the electrode materials, thickness of each component
and operating temperature on cell performance.

Model Development

Figure 1 shows a schematic of a whole DCFC unit comprising a
cathode, a molten carbonate electrolyte matrix layer, and an anode.
0O, and CO, are supplied to the cathode where the following electro-
chemical reaction occurs:

0,+2C0O,+4e™ — 2C0O3~ [1]

Carbonate ions generated at the cathode migrate to the anode through
the molten carbonate electrolyte matrix via ionic conduction, and react
with carbon to produce mostly CO, at a relatively low temperature:

C+2C03™ — 3CO,+de” (2]

Experimental studies'®>? have shown that a mixture of CO/CO, exists
as the temperature escalates from 600°C to 700°C and higher, which
indicate a Boudouard equilibrium reaction and a secondary anodic
reaction may take place, as suggested in Ref. 15

C + CO, < 2CO [3]
and
CO + CO}™ — 2C0,+2e” [4]

The Boudouard equilibrium Reaction 3 is highly dependent on tem-
perature. The forward Boudouard reaction is the CO disproportion
reaction of CO — CO, and the reverse Boudouard reaction is the

reduction of CO, — CO which becomes significant when the tem-
perature reaches 700°C.2!
The overall DCFC reaction is:

C+0, — CO, [5]

The x-axis direction of the model is from the cathode to the anode and
is perpendicular to the molten carbonate matrix layer.

Model Equations

To simplify the model development, the following assumptions
apply:

* The system is isothermal.

* Both anode and cathode current collectors are thin and conduct
well.

* Gases (CO, and O,) are transported in the gas phase through the
pore network of the cathode and dissolve into the electrolyte phase to
react.

e The CO/CO, mixture produced at the anode bubbles up at a
constant velocity.

* The activities of carbon fuel and molten carbonate are unity.

¢ Electronic and ionic charge balances are based on Ohm’s law.

 Butler-Volmer charge transfer kinetics are applied to Reactions 2
and 4.

* Mass balances in the gas phase obey Fick’s law.

* Dissolved O, and CO, in the liquid electrolyte phase obey
Henry’s law.

Conservation of charge and mass, combined with Ohm’s law and
Fick’s law, yields the following nonlinear model equations:

Gas transport in the cathode.—The cathode of a DCFC unit con-
sists of lithiated NiO and electrolyte (62:38 mol% of Li,CO; and
K,COs3). Air and CO; are supplied to the cathode and are transported
in gas phase through the cathode pore network and dissolve into the
electrolyte to reach reaction sites where Reaction 1 occurs.

The governing equations for O, and CO, transport in the cathode
can be derived from the mass balance of each species and are given by

d et 4 (Po, _ |
E<_D°2-°adx<RT> T e L6]

d off d PCoj,ca 1.

d)C ( DCOZ,cadx ( RT )) - ZF.]CH [7]
where x is the coordinate as shown in Figure 1, D ., and D, ., are
the effective diffusivities respectively of O, and CO, in the cathode, the
subscript “ca” represents the cathode, po, and pco, . are the respective
0, and CO, gas pressures in the cathode, R is the gas constant, T is
cell temperature, F' is Faraday’s constant, and j, is the reaction rate
in the cathode.

The effective diffusivities of O, and CO; in Egs. 6 and 7 are esti-
mated by the Bruggeman equation as

and

1.5

Dg)f;ca = DOZvC“(Eg,ca) [8]
1.5
Déré-)z,ca = DCOZ»Ca (Sg,ca) [9]

here €gca is the gas porosity of the cathode, Do, . and Dco, . are the
diffusivities of O, and CO, in the gas mixture of O,, CO,, and N, in
the cathode and can be estimated by*

1 —yo
Do, ca = 2 [10]
> Yco, / Do,-co, + N, / Do, n,
and
1 —
DCOZ,ca = Yo, [l 1]

0, /Do,-co, + N, / Dco,-x,
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respectively. Here yo, , yco, and yy, are the respective mole fractions
of O,, CO,, and N, Do,-co,, Do,-~, and Dco,-x, are the respective
binary diffusivities of each pair of gas species and given by the Fuller-
Schettler-Giddings equation®*

1077175 (5 + i)]/z
mx T My

o + (o]

where Dx-y is the binary gas phase diffusivity of species X and Y in
cm?/s, T is cell temperature in Kelvin, p is total cathode pressure in at-
mospheres, Mx and My are the respective molecular weights of species
X and Y in g/mol, (3" v)y and (}_ v)y are the respective molecular
volumes of species X and Y in cm®/g-mol.

The mole fractions of each gas species in the cathode can be cal-
culated from their partial pressures and the total pressure as

(12]

Dx-y =

Po Pco
> Yco, = —=i¥N, = 1 —yo, —yco,  [13]

Prot,ca Prot,ca

The reaction rate in the cathode in Eq. 6 is described by the Butler-
Volmer equation® as

caF caF
jca = Scai(c)a |:3Xp (_aca%nca> - exp <(] - uca) %nca>i|
[14

where S, is the reaction surface area per volume in the cathode, %,
is the exchange current density, o, is the cathode charge transfer
coefficient, 1, is the cathode overpotential, and n., is the number of
electrons in the cathode electrochemical reaction.

Gaseous O, and CO, must dissolve into the electrolyte phase of the
cathode and reach reaction sites to produce carbonate ions. In Eq. 14,
the exchange current density is given by?® as

0 _ 0 1 MLl \™2

lea = lO,Cﬂ(pEO2,Cﬂ) (p‘(e)z,ca) [15]
here ig,ca is the standard exchange current density, r; and r, are the
cathode reaction parameters, peClOz,ca and p‘gzm are the respective pres-
sures of the dissolved CO, and O,, and are related to the cathode gas
phase pressures by

peOlz,ca = pOz (KOZRT) [16]

and

Pecloz.ca = Pco,,ca (KC02RT) [17]

respectively. Here Ko, and Kco, are the concentration-based solubil-
ities of O, and CO, respectively in the carbonate electrolyte, and are
given by?’

E.
Ko, = Ko,0, €Xp (— ;02> [18]
and
E co,
Kcoz = KO,C02 exp <—%> [19]

respectively. Here Ky 0, and K co, are reference solubilities of O, and
CO; respectively. E; o, and E; o, are two parameters for the solubility
calculation.

The overpotential in the cathode is defined as

Nea = ¢so - d)el - Eeq,ca [20]

where ¢, is the electric potential in the solid phase, ¢ is the ionic
potential in the electrolyte phase, Eqq ¢, is the equilibrium potential of
the cathode, and the subscript “so” and “el” represent the solid and
electrolyte phases, respectively.

Gas transport in the anode.—A CO/CO, mixture is considered
to be the product resulting from the primary and secondary anodic
reactions (Eqs. 2 and 4) as well as the Boudouard Reaction 3 in the
anode. Theoretically, the gas mixture is transported both as dissolved
gases through the liquid electrolyte phase and as gas bubbles through

the gas pore network due to buoyancy. Because the movement of the
bubbles is more rapid than the net flux of dissolved gases,'> only the
bubble transport is considered and the dissolved gases are assumed
to be uniformly distributed in the electrolyte phase of the anode. The
governing equations for CO, and CO in the anode'> are

d d Pco,,an Pco,,an
L (_pm L ( 2, ) 2.
dx< corm g \"gr )T Rr "

3. 1. .
= E}an,EZ + F]an.E4 — JBoud [21]
and
d d (pco Pco 1. .
(D () + o) = = 2jpons [22
dx ( CO,an dx \RT + RT v F Jan,E4 + JBoud [ ]

Here D%%Z. w and DI are the effective diffusivities of CO, and CO in
the anode respectively, the subscript “an” represents the anode, pco, an
and pco are the CO, and CO gas pressures respectively in the anode,
v is the velocity of the gas bubbles, j., g2 and j,, g4 are the reaction
rates of electrochemical Reactions 2 and 4 respectively, and jgouq 1S
the reaction rate of the reverse Boudouard Reaction 3.

The effective diffusivities of CO, and CO in the anode can be
calculated from the porosity of the anode, based on the Bruggeman
equation, as

15
Do, un = Dcoy-co(8gan) (23]
and
15
D n = Dco,—co(8,.an) [24]
Here ¢, is the gas porosity of the anode, Dco,-co is the binary

diffusivity of CO, or CO in the gas mixture of the anode and can be
obtained from Eq. 12.

The reaction rates for the primary and secondary anodic electro-
chemical reactions (Egs. 2 and 4, respectively) in Egs. 21 and 22 are
given by the Butler-Volmer equation'” as

. .0 nan,EZF
JanE2 = San B2y, 2 | €XP aan,E2Tnan,EZ

Nan g2
— &Xp <_ (1 - 0(an,EZ) T];fnan,E2>i| [25]

and

. .0 nan‘E4F
Jan,E4 = San,EAlan.E4 exp 0Lan,EATﬂan,Eé&

Man g4 7
— eXp <_ (1 - O(an,E4) T?nan,Eét)] [26]

where S,, g and S,, g4 are the reaction surface areas per unit volume
in the anode for electrochemical Reactions 2 and 4 respectively, %, 1,
and 10, ., are the anode exchange current densities respectively for
the two reactions, o, g2 and oy, g4 are the respective anode transfer
coefficients, na, g2 and n,, g4 are the numbers of electrons in the two
anodic electrochemical reactions respectively, and 1, g2 and 1, g4 are
the overpotentials corresponding to the two reactions and are defined
as

Nan,E2 = ¢so - (bel - Eeq,an,EZ [27]

and

Nan,E4 = ¢so - ¢el - Eeq,an,EA [28]

where Eq g2 and Eeq . g4 are the equilibrium potentials of Reac-
tions 2 and 4, respectively.

Assuming the equilibrium potentials in the anode reactions are
Zero,

Eeq,an,EZ - 0’ Eeq.an.E4 =0 [29]
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then the equilibrium potential in the cathode equals the open circuit
voltage of the cell

Eeq,ca = VOCV [30]

where Vv is the open circuit voltage of the cell.

The temperature dependence of the anode exchange current density
in Eq. 25 for the primary anodic electrochemical Reaction 2 is given
by®

E
i g = Kgexp (—%) [31]

where Ky and Ep are the pre-exponential factor and the temperature
activation of the Reaction 2.

The reaction rate of the reverse Boudouard Reaction 3 in Eqgs. 21
and 22, joud, is expressed by'3

JBoud = KowaWe (Pcoy.an — Pco, Boua) [32]

where Kpoyq is the rate constant, Wc is the mass concentration of car-
bon, pco, Boud 1S the partial pressure of CO, at Boudouard equilibrium.
The mass concentration of carbon in the anode is estimated by

We = €50,an PC [33]

where €, . and pc are the volume fraction and density of carbon in
the anode.

The partial pressure of CO, at Boudouard equilibrium depends on
the total pressure of the gas mixture of CO,/CO and on temperature,
and can be estimated as follows:

The equilibrium constant of the Boudouard reaction is defined by
the partial pressures of CO and CO,?'

(pCQ Boud ) :

Pco,,BouddcC

_ (pmt,an - pCOz,Boud)2

K, =
Pco,,BouddcC

[34]

where pio,an = Pco,Boud + Pco,,Boud 18 the total pressure of the anode,
ac = 1 is the activity of solid carbon fuel, pco pouwd and pco,,Boud
are the partial pressures of CO and CO, at Boudouard equilibrium,
respectively.

Dco,,Boud €an be solved from Eq. 34 as

KP KP ? 2
Pco,.Boud = 7 + Protan | — 7 + Prot,an - (pto(,an) [35]

The equilibrium constant is estimated using the Gibbs free energy of
the Boudouard reaction

KP

= —RT In( )
ptol,an

(36]

where AG is the Gibbs free energy, AHco and AHco, are the corre-
sponding enthalpies, ASco and ASco, are the corresponding entropies.

= (AHco — T ASco) — (AHco, — T ASco,)

Electronic charge transport in both cathode and anode.—Elec-
tronic charge transport in the cathode and the anode obey Ohm’s law
and the governing equations are

d eff '
In the cathode: P Oeo.ca I d)so ca | = Jea [37]

d
In the anode: — ( ffdnd bso, an) =—

ax (jan,Ez + jan.E4) [38]

where ¢, . and ¢y, an are the respective electric potentials in the cath-
ode and anode, offf | and ol = are the respective effective electric
conductivities in the cathode and anode.

The insufficient electrical connectivity among the lithiated NiO ag-
glomerates in the cathode and the carbon particles in the anode might
make the effective electronic conductivities of the cathode and the
anode much less than their bulk values. Similar to the Bruggeman
equation, it is assumed here that the effective electronic conductivity

of the cathode or the anode depends on the volume fraction of the cor-
responding solid material as expressed by an exponential relationship

ff dso,ca
U;,,Ca = OLiNiO (Eso,ca) e [39]

and

ff dso,an
G:‘r)t_an = 0c (Sso.an) [40]
where o1 inio and oc are the bulk electric conductivities of lithiated NiO
in the cathode and carbon particles respectively in the anode, &, ¢, and
€s0.an are the solid phase volume fractions respectively in cathode and
anode, and ds, ¢, and d, oy are the adjusting exponential parameters.

Ionic charge transport in the cell.—Ionic charge transport in the
unit cell also obeys Ohm’s law and the governing equations are

|~

dx ( glﬂca dx ¢e1) — Jeas in the cathode electrode

(ot ) =0
% ( a“an i ¢e1) = Jjan.E2 + Jan.p4, 1n the anode electrode
[41]
where ¢ is the ionic potential, o¢f,, o4 and o0&’ are the effective
ionic conductivities in the cathode, the electrolyte matrix, and the
anode, respectively, and are estimated from the following exponential
equations,

in the electrolyte layer

de|
oglr,[ca = O (1 - Sg,ca - 8S"’Ca) I [42]
dg
021“ =0y (81 el) o [43]
de
c:lf,fan = Gel(l — €gan — 8>o,an) : [44]

Here ¢ is the liquid porosity of the electrolyte layer matrix, d is
a adjusting exponential parameter indicating the dependence of the
effective conductivity of the electrolyte on its volume fraction in each
component in the DCFC unit. The bulk ionic conductivity, o, in the
carbonate electrolyte with a composition 62:38 mol% of Li,CO5 and

K,CO;s is given by?®
Eq
0a = o exp (_ﬁ) [45]

Boundary Conditions

For the O, pressure in the cathode

* Specified O, pressure at the cathode outside boundary: po, |[y—0 =

0
pOZ,ca
e Zero O, flux at the interface of the cathode and the electrolyte
. P
matrix layer: [—Dg! .4 (72)] =1, =

For the CO, pressure in the cathode

» Specified CO, pressure at the cathode outside boundary:
pCOZ,ca|x:O = p%OZ,ca
e Zero CO, flux at the interface of the cathode and the electrolyte

. pco.
matrix layer: [—Dg, ., 4 (") le—r, =

For the CO; pressure in the anode

* Specified CO, pressure at the anode outside boundary:
PCOy anlx=LeotLa+Lan = Py .an
e 7Zero COZ diffusion ﬂux at the anode outside boundary:

_yeff PCOZ an
[ D, COy,an dx (

NMi=teatta+is =0
For the CO pressure in the anode

e Specified CO pressure at the anode outside boundary:

0
POl x=Lea+Loy+Lan = Pco,an )
e Zero CO diffusion flux at the anode outside boundary:

ff )4
[_D%o an dx( Ko )]lr =Lca+Lej+Lan — =0
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For the electric potential in the anode

¢ Electrical ground condition at the anode outside boundary:
d)so,anlx:l‘c;HrLclJrLan =0
¢ Zero electric current density at the interface of the anode and the

: . i d
electrolyte matrix layer: (=0, ,, 7~ ®so.an)x=rey 12y = 0

For the electric potential in the cathode

* Zero electrical current at the interface of the electrolyte matrix
layer and the cathode: (—og(f)fca %¢So‘ca)| Ly, =0
* Specified cell voltage at the cathode outside boundary: ¢, |—0 =

Vcell
For the ionic potential in the unit cell

e Zero ionic current density at the anode outside boundary:

ff d
(_c:],an dx q)el ) |,\':Lc;. +Lej+Lan — 0

e Zero ionic current density at the cathode outside boundary:
(=08 5 Pe im0 = 0

Polarization curve.—The cell current density can be estimated at
the cathode outside boundary as

d
et = — | =050 ., =@ ) [46]
€| < 0,ca dx so,ca —o
For specified cell voltages, Vet = [Vocv, Vocv — 0.1, Vocv —
0.2, ...,0], the cell current density can be calculated using Eq. 46.

Then (i, Veenn) generates the polarization curve.

Simulation Results and Discussions

Input parameters and model validation.—The model is coded and
solved by using the MATLAB software. There is not much information
available about the model parameter values for DCFCs. Therefore in
this work most of the model parameter values are adopted from molten
carbon fuel cells due to the two fuel cells having similar cathodes. The
model input parameters are listed in Table I.

The thickness of each component of the unit cell, namely, cathode,
electrolyte matrix layer, and anode, is estimated using the cell material
composition and the total cell thickness of 1 mm from Ref. 29. The
effective conductivities in both solid phase and electrolyte phase de-
pend highly on particle size, electrode structure, and volume fractions
of solid and electrolyte materials. We were not able to fit the testing
data by applying the Bruggeman equation (with the exponential cor-
rection factor equal to 1.5) to the effective conductivities of electrolyte
and solid phases. As pointed out in Refs. 30,33, the estimation of the
actual effective conductivities of electrolyte and solid phases in porous
electrodes is difficult and past modeling work has often suggested us-
ing the exponential correction factors, dso an, dso.ca and dej, as fitting
parameters. In addition, a reaction surface area of 2700 cm?*/cm® is
used in Ref. 25 for the anode of a molten carbonate fuel cell. Due to
weak connection between carbon particles, the real reaction surface
area in the anode of a DCFC might be smaller than that of the anode
of a MCFC. Therefore, Sy g2 = Sangs = 2000 cm? cm? is applied in
this work for the anode reaction surface area in the simulation. The
calculated polarization curve from modeling simulation is compared
with the testing data in Figure 2.

The fitted values for dg, an, dsoca and de are 9.0, 1.5 and 2.5, re-
spectively, and the corresponding effective conductivities in the an-
ode, the cathode, and the electrolyte matrix are: o< = 0.251 S/cm,

ol . =6.244S/cm, ol | = 0.0082 S/cm, o¢ff, = 0.046 S/cm, and
o = 0.384 S/cm. These low effective conductivities in the anode
indicate that, besides the slow anodic reactions, the cell performance
is mainly limited by the ohmic losses from the solid and electrolyte
phases of the anode.

The partial pressures of gas species in both cathode and anode at
a current density of 0.2 A/cm? are presented in Figure 3. In the cath-
ode, CO, and O, are consumed so their partial pressures decrease
through the cathode from outside to inside. Figures 3a and 3b shows

Table I. DCFC model input parameters.

Parameter Value Source
L, 0.017 cm estimated from Ref. 29
L 0.045 cm estimated from Ref. 29
Loy 0.038 cm estimated from Ref. 29
€g.an 0.4 estimated from Ref. 29
€50,an 0.45 estimated from Ref. 29
€g.ca 04 30
€50.ca 0.3 30

€lel 0.7 30

T 923 K

AHco —232.7 kJ/mol 31
ASco 0.1679 kJ/(mol K) 31
AHco, —395.6 kJ/mol 31
ASco, 0 kJ/(mol K) 31
p(l)ot,an 1 atm

POy 0.7925 atm 15,16
Poan 0.2075 atm 15,16
p(t)m,ca 1 atm

PCOy.ca 0.3 atm

p(())z.ca 0.21 x (p(t)ot,ca - p%Og,ca) atm

F 96485 C/mol

R 8.315 J/(mol K)

Vocv 0931V 29
Mo, 32 g/mol

My, 28 g/mol

Mco, 44 g/mol

Mco 28 g/mol

(X Vo, 16.6 cm?

Xy, 17.9 cm3

(X Vo,  269cm’

Vo 18.9 cm?

Kp 5.8 x 103 A/em? 6

Eg 22175 K 6
Olan,E2 0.5 15
Olan, E4 0.5 15
San.E2 2000 cm?/cm? fitting
San.E4 2000 cm?/cm? fitting
9 k4 8.2 x 1075 A/em? 15

Oca 0.5 6

Nea 4

Eeq,ca Vocv V

Ecq,an,EZ ov

Eeq,an,E4 ov

Man,E2 4

Nan,E4 2

v 1 cm/s 15

Sca 3000 cm?/cm? 25

i 1.01 x 1073 A/em? 25
KBoud 4 % 107 mol/(g atm s) 15

e 2.134 g/em? 29

Es 0, 7589 K 27
Ko0, >392 % 107 mol/(cm>atm) 27

r —1.25 26

r 0.375 26

oc 331.7 S/cm 6
OLiNiO 38.0 S/cm 32

dei 2.5 fitting
dso,an 9.0 fitting
dso.ca 1.5 Bruggeman equation
Es co, 364.6 K 27
Ko,co, 154 % 1077 mol/(cm3atm) 27

E. 21910 J/mol 28

o 23.22 S/cm 28

el
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Figure 2. Comparison of polarization curves of a DCFC cell.

that the partial pressure drops of CO, and O, in the cathode due to
cathode reaction consumption are negligible, indicating that here the
gas transport in the cathode is not the limiting factor for DCFC per-
formance. This differs from the commercial hydrogen fuel cells, for
example, proton exchange membrane fuel cells, where Oxygen trans-
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port through the cathode electrode is one of the determining factors
for fuel cell performance.>* On the other hand, the partial pressure of
CO; in the anode increases from the inside to the specified value of
0.9275 atm at the outside of the anode, implying that near the inside of
the anode more CO; is converted into CO by the reverse Boudouard
Reaction 3, as shown in Figure 3c. Accordingly, the partial pressure
of CO decreases from a higher value near the inside of the anode to
the specified value of 0.2075 atm at the outside of the anode, as shown
in Figure 3d. Note that the constant concentration levels of 0.7925
atm for CO, and 0.21075 atm for CO near the outside of the anode,
as observed in Refs. 15,18, did not occur here because a much thin-
ner anode was used (0.038 cm vs. 3.8 cm). It was found that at a
current density of 0.2 A/cm? the diffusion flux of CO, in the anode
was of the order of 10~7 mol s~! cm~2 while its convection flux was
of the order of 107> mol s~' cm~2. For CO, its diffusion flux was of
the order of —10~% mol s~! cm~2 and its convection flux was of the
order of 107% mol s~! cm~2. Therefore, convection caused by bubble
movement from the inside to the outside of the anode is the dominant
mechanism for both CO, and CO transport.

The electric potentials in both the cathode and the anode, and the
ionic potential through the electrolyte phase of the unit cell at the
same current density of 0.2 A/cm?, are plotted in Figure 4. Note that
the electric potential drop in the anode is 27 mV while the drop in the
cathode is negligible. This suggests that reducing the omhic loss in the
anode, for example, by reducing its thickness via loading less carbon,
may improve cell performance. The increase of the ionic potential in
the electrolyte phase of the anode (214 mV) is much larger than the in-
crease in the cathode (39 mV), implying that cell performance is more
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sensitive to the effective conductivity of the electrolyte phase in the
anode than in the cathode. Thus, adding more electrolyte carbonates
into the anode, to assure a high effective ionic conductivity, could en-
hance the DCFC performance, as observed in Ref. 29. However, there
is a balance between the carbon fuel and the electrolyte carbonates in
the anode. This will be discussed in the next section.

Effect of cathode effective electronic conductivity.—Figure 5
plots the variation of DCFC performance against the effective elec-
tronic conductivity of the cathode solid material where all the param-
eters are fixed except the exponential factor d, .. The results show
that when the effective electronic conductivity of the cathode drops
from 6.24 S/cm (dso.ca = 1.5) to 0.56 S/cm (dso.ca = 3.5), DCFC
performance hardly changes. These results suggest that it is feasi-
ble to develop a new cathode material for DCFCs with lower effective
electronic conductivity (>0.56 S/cm) to replace the pure lithiated NiO
cathode, without sacrificing performance. For example, a set of binary-
or ternary-systems of LiFeO2, NiO and LiCo02, has been investigated
as alternative cathode materials for MCFCs, with the measured effec-
tive electronic conductivity of the cathode varying from 0.027 to 0.86
S/cm, as demonstrated in Ref. 35.

Effect of electrode material volume fraction.—TIt is important to
balance the electronic conductivity and ionic conductivity in a porous
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Figure 6. Effect of cathode material volume fraction on DCFC performance.
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Figure 5. Performance variation with the effective electronic conductivity of
the cathode.

electrode, especially for the DCFC anode where the carbon fuel and
the liquid electrolyte contact the current collector and the reaction gas
product is transported out of the cell. In this study the gas porosity of
each electrode is fixed as given in Table I. The effects of cathode and
anode material volume fractions on cell performance are presented in
Figure 6 and Figure 7, respectively. Increasing the volume fraction of
the solid material of each electrode will improve the effective electric
conductivity of the solid phase. At the same time, this decreases the
volume fraction of electrolyte phase, which reduces the effective ionic
conductivity. Figure 6a simulates the cell performances of three vol-
ume fractions of lithiated NiO in the cathode using dy, ., = 1.5. When
the volume fraction of the lithiated NiO in the cathode increases from
0.1 to 0.3, and 0.5, the corresponding cathode effective electronic
conductivities increase from 1.20 to 6.24, and 13.44 S/cm, respec-
tively, while the corresponding cathode effective ionic conductivities
decrease from 1.65x 107! t04.61 x 1072 and 2.96 x 103 S/cm respec-
tively. The corresponding cell performances always decrease because
the performance loss from the increase in ionic resistance of the liquid
electrolyte phase of the cathode always exceeds the gain from the de-
crease in ohmic resistance of the solid phase of the cathode. However,
when d, ., = 3.5, simulation results demonstrate that optimal volume
fractions exist for the solid material and the liquid electrolyte in the
cathode, as shown in Figure 6b. When ¢, ¢, increases from 0.1 to 0.3,
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Figure 7. Effect of anode material volume fraction on DCFC performance.

the corresponding effective conductivity of the solid phase increases
from 1.20 x 1072 t0 5.62 x 10~'S/cm. Cell performance is improved
from the dashed line to the solid line. With a further increase from
0.3 to 0.5, the corresponding effective conductivity of the solid phase
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increases from 5.62 x 10~ to 3.36 S/cm, but performance drops from
the solid line to the dotted line. This indicates that the optimal volume
fraction of lithiated NiO in the cathode lies between 0.1 and 0.5 for
the given parameter values. Further calculation shows that the opti-
mal volume fractions of lithiated NiO and the liquid electrolyte in the
cathode are 0.23 and 0.37, respectively, with corresponding effective
electronic conductivity and effective ionic conductivity of 2.22 x 10~
and 7.79 x 1072 S/cm, respectively.

For the anode, when the volume fraction of carbon increases from
0.25 to 0.45, DCFC performance improves from the dashed line
to the solid line in Figure 7. With a further increase from 0.45 to
0.55, the performance drops again from the solid line to the dotted
line. This means the optimal volume fraction of carbon in the an-
ode lies between 0.25 and 0.55. More simulations give the optimal
volume factions of the carbon and liquid electrolyte in the anode at
0.45 and 0.15, respectively, and the corresponding effective electronic
conductivity and effectively ionic conductivity are 2.51 x 107! and
8.15 x 1073 S/cm.

Effect of electrode and electrolyte matrix thicknesses.—The vari-
ation of DCFC performance with thickness of the cathode, the elec-
trolyte matrix layer, and thickness of the anode are plotted in Figure 8,
Figure 9, and Figure 10, respectively.

As mentioned above, for the cathode of this DCFC, the gas trans-
port and ohmic losses are not the limiting factors. When the cathode
thickness increased from 0.007 cm to 0.017 cm, DCFC performance
improves noticeably, as shown in Figure 8a, because a thicker cath-
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Figure 8. Effect of cathode thickness. (a) DCFC performance; (b) Cathode CO, distribution at I.ej = 0.2 A cm™2; (c) Anode CO» distribution at Ie; = 0.2 A cm™2;

(d) Anode Boudouard reaction rate distribution at Ioeq = 0.2 A cm™2.



Journal of The Electrochemical Society, 2020 167 013526

1 T T T T T T T

- ..—I_eI =0.025 cm
i —_— l.(_)I =0.045 cm
......... L, = 0.065 cm
osf '
e
3
07} i

Cell potential V
o
N

05F

04F

0 005 0.4 015 02 025 03 035 04 0.45
Current density i, (Ncmz)

Figure 9. Effect of electrolyte matrix thickness on DCFC performance.

ode provides a thicker zone for the cathode reaction. However, upon
further increases from 0.017 cm to 0.027 cm and beyond, the
performance improvement is marginal due to a limited reaction zone
increase.
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The changes of CO, distribution in the cathode and anode, and
the Boudouard reaction rate distribution in the anode with cathode
thickness at the cell current density of 0.2 Acm™2 are plotted in
Figures 8b, 8c and 8d, respectively. A thicker cathode leads to a lower
CO, distribution due to increased diffusion resistance in the cathode,
as shown in Figure 8b, while the CO, distribution in the anode re-
mains almost constant for the three cathode thicknesses due to the
same amount of CO, is needed in the same anode to achieve the same
output of current density (0.2 Acm~2) as shown in Figure 8c. Simi-
larly, Figure 8d shows that the distribution of the Boudouard reaction
rate at the current density of 0.2 Acm~2, defined by Eq. 32, remains
almost unchanged due to its dependence on CO, distribution in the
anode.

For the electrolyte matrix, an increase in thickness corresponds
to a bigger ohmic loss, and therefore decreases DCFC performance,
especially for large current densities, as shown in Figure 9.

Figure 10a shows the effects of the anode thickness on cell perfor-
mance. When anode thickness increases from 0.018 cm to 0.058 cm,
cell performance improves for small current densities (anode kinet-
ics control range) but then decreases for large current densities (both
anode kinetics and ohmic control range). This indicates that a thicker
anode will improve anode kinetics while ohmic loss will dominate
DCEFC performance at large current densities.

The effect of anode thickness on CO, distribution in the cathode
and anode, and on the Boudouard reaction rate distribution in the anode
at the cell current density of 0.2 Acm 2 are plotted in Figures 10b, 10c
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Figure 10. Effect of anode thickness. (a) DCFC performance; (b) Cathode CO; distribution at Icey = 0.2 A cm™~2; (c) Anode CO, distribution at Iee = 0.2 A cm™2;

(d) Anode Boudouard reaction rate distribution at I.e = 0.2 A cm™2.
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Figure 11. Effects of temperature. (a) DCFC performance; (b) Boudouard reaction rate.

and 10d, respectively. When the anode thickness increases from 0.01m
cm to 0.058 cm, the CO, partial pressure remains almost unchanged
for the same amount of CO, requirement from the same cathode at the
fixed current density output of 0.2 Acm~2, as shown in Figure 10b.
The CO, partial pressure distribution in the anode shown in Figure 10c
lowers significantly as the anode thickness increases because the vol-
ume becomes much larger. The Boudouard reaction rate distributions
for different anode thicknesses are determined by the CO, distribu-
tions in the anode, therefore follows the same pattern of CO, partial
pressure distributions and are shown in Figure 10d.

Effect of cell temperature.—The effects of cell temperature on
DCEFC performance are shown in Figure 11a. It can be seen that DCFC
performance is significantly influenced by operating temperature. If
the cell operates at 0.7V, the current density will almost double from
48mA/cm? at 600°C to 85mA/cm? at 700°C. The maximum power
density increases from 0.125 W/cm? at 600°C, to 0.15 W/cm? at
650°C and 0.178 W/cm? at 700°C. At a current density of 0.2 A/cm?,
the cell voltage increases from 0.466V at 600°C to 0.512V at 650°C
and 0.559V at 700°C. The Boudouard reaction rate is calculated us-
ing Eq. 32 where the CO, partial pressure at the Boudouard equilib-
rium depends highly on the operating temperature through Eqgs. 35
and 36. The Boudouard reaction rate distributions at the three oper-
ating temperatures are plotted in Figure 11b. It can be seen that the
Boudouard reaction rate jumped from ~ 2.6 x 1078 A cm~* at 600°C
to~ 9.1 x 1078 A cm~3 at 650°C, and then to ~ 16.1 x 10~% A cm™3
at 700°C.

Table II presents in detail the calculation results of ohmic losses
and overpotentials in the electrodes and in the electrolyte matrix at a
current density of 0.2A/cm? for these three temperatures. It is clear that
cell performance improvement can mainly be attributed to reduction
of overpotential from the anode and reduced ohmic losses from the
electrolyte phase of the electrodes and the electrolyte matrix. Thus,
anode performance is more sensitive to temperature, which indicates

that anode carbon oxidation has a higher activation energy than the
cathode process. A higher operating temperature enhances DCFC per-
formance. However, a higher temperature will favor the reverse Bour-
dard reaction, as shown in Figure 11b, so producing a higher molar
ratio of CO. This is detrimental to electrode materials, fuel utilization
and downstream treatment of the anode gas products.

Conclusions

A 1D homogeneous mathematical model was developed for the
molten carbonate direct carbon fuel cell. This unit cell model con-
siders the two anodic electrochemical reactions, the 4-electron car-
bon oxidation and the 2-electron CO oxidation, as well as the reverse
Boudouard reaction. The model is validated by comparing the simu-
lated polarization curve with test data from published literature. With
the constructed model, parametric studies were conducted to under-
stand the limiting steps in the electrodes and to explore performance
optimization for different electrode material volume fractions. It was
found that, besides the slow anodic kinetics, ohmic losses in both the
anode and the electrolyte matrix significantly reduced DCFC perfor-
mance. Further modeling exploration revealed that an effective elec-
tronic conductivity of 0.56 S/cm in the cathode is sufficient for making
high performance DCFCs. By changing the volume fractions of the
materials in both electrodes, the model showed that optimal volume
fractions exist for the anode materials and, under the given parameter
values, the optimal volume fractions of the carbon fuel and the liquid
electrolyte in the anode are 0.45 and 0.15, respectively. For the cath-
ode, with an effective electronic conductivity of 0.56 S/cm, optimal
volume fractions also exist. The optimal volume fractions of lithiated
NiO and liquid electrolyte in the cathode are 0.23 and 0.37 respec-
tively. Model simulation also found that electrode thickness greatly
influences DCFC performance. Under the given parameters, increas-
ing cathode thickness to a certain level will improve cell performance,
beyond which it levels off. Increasing the electrolyte matrix thickness

Table II. Calculated overpotentials and ohmic losses in each component of the DCFC at ice = 0.2 Alem?.

(IR)ca (mV)

(IR)an (mV)

T (°C) Nea (MV) In solid In liquid (IR)e1 (MV) In solid In liquid Nan (MV)
600 —57.24 31.86 35.99 99.81 23.36 140.56 131.89
650 —59.04 30.98 31.49 86.96 22.99 127.93 113.53
700 —60.79 30.45 27.93 77.48 22.68 120.22 85.97
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decreases cell performance. Increasing the anode thickness improves
cell performance at low current densities but decreases performance
at high current densities. Increasing cell operating temperature signifi-
cantly improves DCFC performance by improving anodic kinetics and
effective electrolyte conductivity. Therefore, to achieve high cell per-
formance below 700°C, it is important to focus on the anode material
and on structure optimization. Modeling results show that improv-
ing the effective ionic conductivity of the anode, the cathode, and the
electrolyte matrix will be the key to creating high performance molten
carbonate DCFCs.

This 1D unit cell model is a useful tool for gaining insight into the
limiting factors of DCFC performance and for conducting paramet-
ric studies for the electrodes and for DCFC configuration design and
optimization.

List of Symbols

ac activity of carbon

dg exponential correction factor for conductivity in elec-
trolyte

dso exponential correction factor for conductivity in solid
phase

D! .. effective diffusivity of dissolved O, in the cathode, cm?/s

DE, e effective diffusivity of dissolved CO, in the cathode,
cm?/s

Do, ca diffusivity of O, in the gas mixture of cathode, cm?/s

Dco, ca diffusivity of CO, in the gas mixture of cathode, cm?/s

DE, i effective diffusivity of CO, in the anode

D effective diffusivity of CO in the anode

Do,-co, binary diffusivity of O, and CO,, cm?/s

Do,-x, binary diffusivity of O, and N,, cm?/s

Dco,-n, binary diffusivity of CO, and N,, cm?/s

Dco,-co binary diffusivity of CO, and CO, cm?/s

Dx-y binary gas phase diffusivity of species X and Y, cm?/s

Egp temperature activation of the backward reaction in an-
ode, K

Eegca equilibrium potential in the cathode reaction, V

Ecqan 2 equilibrium potential in the anode Reaction 2, V

Ecq an B4 equilibrium potential in the anode Reaction 4, V

E; o, parameter used in Eq. 18 for O, solubility calculation

E; co, parameter used in Eq. 19 for CO, solubility calculation

E. parameter used in Eq. 45, J/mol

F Faraday’s constant, C/mol

i exchange current density, A/cm?

igca cathode standard exchange current density, A/cm?

2 exchange current density in the anode for Reaction 2,
Alcm?

0 g4 exchange current density in the anode for Reaction 4,
Alcm?

el cell current density, A/cm>

Jan B2 reaction rate in the anode Reaction 2, A/cm?

Jan,E4 reaction rate in the anode Reaction 4, A/cm?

JBoud reaction rate of the reverse Boudouard Reaction 3, A/cm?

Jea reaction rate in the cathode, A/cm®

Ko co, reference solubility of CO, used in Eq. 19, mol/(cm?atm)

Ko,0, reference solubility of O, used in Eq. 18, mol/(cm>atm)

Kp pre-exponential factor of the backward reaction in anode,
Alcm?

Kgoud rate constant of Boudouard Reaction 3, mol/(g atm s)

Kco, solubility of CO, in the carbonate electrolyte

Ko, solubility of O, in the carbonate electrolyte

K, equilibrium constant of the Boudouard reaction

Lea cathode thickness, cm

Lg electrolyte layer thickness, cm

La, anode thickness, cm

Mo, molecular weight of O,, g/mol

My, molecular weight of N,, g/mol

M, CO,
Mco
Mx
My
Nea
Man E2
Nan, E4
p
)4 COy,an
Pco
0
p tot,an
0
P CO,an
0
Pco,an
0
p tot,ca
0
P CO,,ca
0
P 0O;,ca
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Pcos.ca
el
P CO,ca
el
P 0,,ca
PCo,Boud
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p tot,an
Prot,ca
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0(an,EZ
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€g,ca
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€50,an
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molecular weight of CO,, g/mol

molecular weight of CO, g/mol

molecular weight of species X, g/mol
molecular weight of species Y, g/mol
number of electrons in the cathode reaction
number of electrons in the anode Reaction 2
number of electrons in the anode Reaction 4
total cathode pressure, atm

CO, partial pressures in the anode, atm

CO partial pressures in the anode, atm

total pressure at the anode inlet, atm

CO, partial pressure at the anode inlet, atm
CO partial pressure at the anode inlet, atm
total pressure at the cathode inlet, atm

CO, pressure at the cathode inlet, atm

O, pressure at the cathode inlet, atm

O, gas pressures in the cathode

CO, gas pressures in the cathode

pressure of the dissolved CO; in cathode, atm

pressure of the dissolved O, in cathode, atm

partial pressure of CO at Boudouard equilibrium, atm
partial pressure of CO, at Boudouard equilibrium, atm
total gas pressure of the anode, atm

total gas pressure of the cathode, atm

cathode reaction parameter in Eq. 15

cathode reaction parameter in Eq. 15

gas constant, J/(molK)

reaction surface area per volume in the anode for Reac-
tion 2, cm?/cm?

reaction surface area per volume in the anode for Reac-
tion 4, cm?/cm?

reaction surface area per volume in the cathode, cm?/cm?
cell temperature, K

average velocity of bubbles in the anode, cm/s

open circuit voltage, V

cell potential, V

mass concentration of carbon in anode

model coordinate, cm

represents gas species in the anode or cathode

mole fraction of O, in cathode

mole fraction of CO; in cathode

mole fraction of nitrogen in cathode

Greek

anode charge transfer coefficient for Reaction 2
anode charge transfer coefficient for Reaction 4
cathode charge transfer coefficient

anode porosity

cathode porosity

liquid porosity of electrolyte matrix

solid phase volume fraction in anode

solid phase volume fraction in cathode

anode overpotential in Reaction 2, V

anode overpotential in Reaction 4, V

cathode overpotential, V

density of the carbon in the anode, g/cm’
conductivity of needle coke carbon, S/cm

bulk ionic conductivity in electrolyte, S/cm
parameter used in Eq. 45, S/cm

effective ionic conductivity in electrolyte matrix, S/cm
effective ionic conductivity in cathode, S/cm
effective ionic conductivity in anode, S/cm
conductivity coefficient of lithiated NiO, S/cm
effective electric conductivity in cathode, S/cm
effective electric conductivity in anode, S/cm
ionic potential in the electrolyte phase, V
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bso solid phase electric potential, V
Gso.an electric potential in the anode, V
bso.ca electric potential in the cathode, V
AG Gibbs free energy
AHco enthalpy of reaction of 2C+0,—2CO, kJ/mol
AHco, enthalpy of reaction of C4+0,— CO,, kJ/mol
ASco entropy of reaction of 2C+0,—2CO, kJ/(mol K)
ASco, entropy of reaction of C+0,— CO,, kJ/(mol K)
o v)o, molecular volume of O,, cm?
> V), molecular volume of N, cm?
(X V)eco,  molecular volume of CO,, cm’
o Vo molecular volume of CO, cm?
Superscripts and Subscripts
an anode
ca cathode
eff effective value
el electrolyte phase
eq equilibrium potential
SO solid phase
tot total pressure
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