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In this analysis, we report an in-house model to describe the
complex fundamental and functional interactions between various
internal  physico-chemical phenomena of a  SOEC.
Electrochemistry at the three-phase boundary is modeled using a
modified Butler-Volmer approach that considers Bind CO,
individually, as electrochemically active species. Also, a multi-step
elementary heterogeneous reaction mechanism for the thermo-
catalytic H/CO, electrode chemistry, along with the dusty gas
model (DGM) to account for multi-component diffusion of ideal
gases through porous media, are used. The model is geometry
independent. Results pertaining to detailed chemical processes
within the cathode, electrochemical behavior and irreversible
losses during SOEC operation are demonstrated.

I ntroduction

High temperature co-electrolysis ob® and CQ offers a promising means for syngas
production via efficient use of heat and electricity (1-3). Some of the considerable
advantages to this technology include high reaction kinetics, reduced cell resistance,
lowered probability of carbon formation, possibility of coupling with Fischer-Tropsch
process for conversion of syngas to liquid fuel/hydrocarbons, effective utilization of heat
from exothermic water-gas shift reaction and less complexity at the systems level due to
the lack of need for a separate water-gas shift reactor. In a solid oxide electrolyzer cell
(SOEC), three common reactions take place simultaneously,- e®@0trolysis, HO
electrolysis, and reverse water-gas shift reaction. The electrolysis reactions that
contribute to the production of Hand CO occur at the cathode three-phase boundary
(TPB) via Egs. [1] and [2], where as the reverse water-gas shift reaction occurs in the
porous cathode material via Eq. [3], as follows:

H,0 + 2e” — H, + 0%~ [1]
CO, + 2e~ — CO + 02" 2]
CO + H,0 «> CO, + H, 3]
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The schematic representation of a co-flow planar SOEC is shown in Figure 1. The
white arrows represent the direction of fluxes, while the horizontal arrows represent the
direction of flow in the gas channels. In this article, an electrochemical model to study
the V-I characteristics and irreversible loss behavior of a SOEC is demonstrated. Unlike
approximations made in literature, Butler-Volmer equations based on single step electron
charge transfer reactions, are employed for both &@ HO electrolysis (4, 5).
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Figure 1. Schematic depiction of a planar SOEC.

Modeling Approach

Electrochemical Model

The charge transfer chemistry occurs at the three-phases boundaries (TPB), which are
basically interfaces formed by the electro-catalyst, electrolyte and gas-phase boundaries.
In this study, we only consider charge transfer occurring at the electrode-electrolyte
interface and not across the utilization region of the electrodes. The potential balance
equations are formulated after taking into account all the irreversibilities that occur
during operation, with respect to electrochemically active specigsanti CO, and are
given by

Ecell = Erev,HZ + |77a(iH2)| + nc(in) + nohm(in) + nconc(in) [4]

Ecell = Erev,CO + |7’a(iCO)| + nc(iCO) + nohm(iCO) + nconc(ico) [5]

wheren, andy are the activation overpotentials at the anode and cathode respectively,
nonm 1S the ohmic overpotential, angonc IS the concentration overpotential. The
concentration overpotential is not treated explicitly as porous media transport is modeled
in detail. E;e, is the ‘reversible’ cell voltage, which is the maximum possible potential
that can be derived from a cell operating reversibly, and is given by the Nernst equation
as
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1/2
RT Pu ,cpo )
Erev,HZ = EI(-}Z + ﬁln (pZTO’:a> [6]
1/2
RT Pco,cPo., a
E =EQ + —In| ——2 7
rev,CO co + 2F ‘I’l( pCOZ,C ) [ ]

whereE’ is the electromotive force (EMF) at standard presgunepresents the partial
pressures of §§ H,O (at the cathode TPB) and (at the anode TPB). The temperature
dependen&’is calculated from thermodynamic dateG(2F). The ohmic overpotential
in Egs. [4] and [5] is given by

Nonm = Ritorl [8]

where Ry is given by
Riot = Re + Rc + Rysy + Ryi-ysz [9]

The magnitudes of these resistances depend on the type of material used and the
micro-structure of the porous electrode. In modern cells, the electronic resistances of both
electrodesR sv, Rui-vsz and the contact resistances between solid-solid interRcase
negligible compared to the ionic resistance of the electrolytelich is given by

Re =— [10]

wherele is the thickness of the electrolyte, ands the electrolyte conductivity, with the
Sl unit — S/m, which varies as a strong function of temperature as

103001() [11]

S
= (3.34 x 10*—) x (—
0 = ( =) xexp (- —

The Butler-Volmer equation is used to describe the functional relationship between
the activation losses and current density. For theléttrode, this takes the form (4)

1+ ﬁa)Fnc> . (_ BF 77)] [12]

b = Lo, [exp< RT RT

For the CQ@electrode, the B-V equation for the electrochemical reduction ofi€O

(5)

ﬂaFnc) < 1+ ﬂc)Fnc>l
— exp [ — P Me

[13]
RT RT

lco = lo,co lexp<

One may also refer to (5) for the detailed description and derivation of the B-V
equation for CQ@electrolysis. For the £electrode, the B-V equation can be described as

(4)
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. BaFna BcFna
i = 10,02 exp RT —exp\|— RT

wherei is the current,diis the exchange current densifyis the activation overpotential,

F is the Faraday constarif,is the temperature antlis the asymmetric charge transfer
coefficient. The subscript indek refers to either Hor CO. The exchange current
densitiesdn, ioco and pop are expressed as:

* (sz /pgz)1/4(szo)3/4

[14]

iO,H = lH [15]
T 1+ (puy/on,)
1/4
i ok (pCOZ/pCO) [16]
,CO - * *
° 1+ (pco/pio) + (Pco,/ Pcoz)
« \1/4
iO’OZ — l* (paz/poz) [17]

02 . \1/2
1+ (POZ/POZ)
wherep is the partial pressure apdis the equilibrium pressure. The formulae for these
parameters can be found in (4, 5). An Arrhenius expression is used to describe the
temperature dependence of exchange current density in the formvbiah is given by

E;

= k; exp (— ﬁ) [18]

where the subscript indexrefers to either i} CO or Q. Due to the fact that the TPB
sites are shared by both®and CQ, a factory is introduced to normalize the net current
density and account for the relative percentages ) ldnd CQ at the electrode-
electrolyte interface. Therefore, the net current density reduces to
YI-?ZPOB
(Vi +Yis?

i =1y, +1co =vig, + (1 —¥)ico, Y= [19]

Multi-Component Mass Transport in Porous Media

Due to geometrical considerations, the reaction diffusion equation for species
transport in the electrodes is described in 1D along its thickness. This is given by

d(¢pprYi) — 9Uk)
at B dy

+ § Wi A [20]

Total density of the mixture can be calculated from

d(¢Ppy) 9(k)
Tf=—z - +ZSka [21]

=1
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Here,t is the timey is the porosityYx is the species mass fraction of spegiek is the
heterogeneous molar production rate of the chemical spegigs the fluid densityWk

is the species molecular weiglgtis the independent spatial variable along the thickness,
andAs is the specific catalyst area available for surface reactions. The species molar flux
Jk in the porous bed is evaluated using the Dusty-Gas Model (DGM) equation as

Kg

ZDDGMV DI?IGM[Xl] &Vp [22]
=1 Din #

The DGM is written as an implicit relationship between the pressure gradient,
concentration gradients, molar fluxes, binary diffusion coefficients and Knudsen
diffusion coefficients. The first term on the right-hand side of Eq. [22] represents the
diffusive flux and the second term represents the viscous fltf¥! 3 defined as DGM
diffusion coefficients. Further details about the solution procedure and model can be
found in our previous publications (4, 6). In order to solve the second order boundary
value problem, i.e., Eq. [20], boundary conditions are required at the electrode-channel
and electrode-electrolyte interface. At the electrode—gas chamber interface the inlet mass
fractions serve as the boundary condition, while at the electrode—electrolyte interface the
species fluxes are zero. The electrochemical reaction source terms, for electrochemically
active species, are calculated from the current density and are accounted for along with
the chemical source terms. Thus, at the electrode—electrolyte interface, the molar fluxes
of Hy, CO and @can be given as

H (IH +ICO)
]HZO = —]H2 = 2_;11002 = —Jeo = ﬁ,]oz = _24—F [23]

The computational procedure of the button cell model is well elucidated in (7). The
entire code is written in FORTRAN and is a part of the detailed chemistry software
package DETCHEM (8). The equation system is solved using the differential algebraic
equation (DAE) solver LIMEX (9).

Results and Discussion

The model is validated with experiments performed by Ebbesen et al. (10). The aim of
their study was to investigate the reaction pathways involved during the co-electrolysis of
H,O and CQ as well as oxidation of Hand CO in different fuel mixtures. In the
experiments, they demonstrated reduction £#9 ldnd CQ as well as oxidation of +and
CO. The thicknesses of the NiO/YSZ porous support layer, NiO/YSZ hydrogen electrode,
YSZ electrolyte and LSM/YSZ oxygen electrode were 00 10-15um, 10-15um and
15-20um respectively. The inlet flow rate of pure oxygeritie LSM/YSZ electrode was
20 I/h for all experiments. Leakage overpotentials could be considered in the potential
balance equation if the difference between cell voltages, throughout experiment and
simulation, at open-circuit is evident. The electrochemical model input parameters used
for reproducing the experimental data are listed in Thbl€he values of thicknesses of
the electrodes, electrolyte, and cell properties used in the model validation are also listed
in TableII. It is important to note that micro-structural peojes are assumed due to its
unavailability in the aforementioned literature.
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TABLE |. Electrochemical Model/Input Parameters

Property H, electrode CO, electrode
Anode asymmetry factofy) 0.7 0.5
Cathode asymmetry factgf ] 0.1 0.1
Exchange current density parameters

Pre-exponential factokj (A/cnr) 594113.8731 16129714.99
Activation energy ;) (J/mol) 108.4x16 131.38x16
Pre-exponential for Qproduction ko) (Alcn?) 41783.22453

Activation energy for @production Ey;) (J/mol) 88.75x16

TABLE Il. SOFC Input Parameters and Material Properties

Par ameter | M odel validation
Anode
Thickness im) 315
Porosity (%) 35
Tortuosity 5.0
Particle diameternum) 1.0
Pore diameterufmn) 0.22
Specific area (M) 1.025x16
Electrolyte
Thickness im) 15
Cathode
Thickness im) 20
Porosity (%) 35
Tortuosity 5.0
Particle diameterum) 1.0
Pore diameterum) 0.22
Specific area (M) 1.025x16
Operating conditions
Pressure (bar) 1.0

Temperature (°C)

750 °C, 850 °C

Figure 2 shows good agreement between numerical simulation

results and

experimental data, measured at 750°C and 850°C with inlet gas compositions of 50%
H,O: 25% H: 25% Ar and 25% BD: 25% H: 50% Ar to the Ni/YSZ electrode. The
numerical model over-predicts the potential at open-circuit. Due to this facet, the model
under-predicts current density at a specified voltage for the latter fuel composition.
Nevertheless, the model is able to qualitatively reproduce experimental data. The V-I
curves appeared to be more sensitivg;fan the electrolysis mode, whilg, ivas more
sensitive in the fuel cell mode. Any potential bel&y, results in a switch from the
electrolysis mode to the fuel cell mode of operation. In order to understand the variation
in ionic and electronic fluxes at the anode, cathode and electrolyte, one can always resort
to the distributed charge transfer model which considers electrochemical reactions to
occur throughout the thickness of the electrode. The model also tends to predict limiting
current behavior well. For 25%,8: 25% H: 50% Ar, the calculated Area Specific
Resistance (ASR) values at 1.1 V are 0.826n7 at 850°C and 0.55&).cnt at 750°C.

The ASR is calculated in the electrolysis mode of operation. It is vital to note that the
ASR values slightly differ based on the mode of operation, i.e, electrolysis or fuel cell

mode (10).
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Figure 2. Comparison between numerical simulations and experimental dat@fbkH
Ar mixtures.

Figure 3 shows excellent agreement between numerical simulation results and
experimental data, measured at 750°C and 850°C with inlet gas compositions of 50%
COy: 25% CO: 25% Ar and 25% GO25% CO: 50% Ar to the Ni/YSZ electrode. For
25% CQ: 25% CO: 50% Ar, the calculated ASR values at 1.1 V are QB6i#f at
850 °C and 0.72%x.cnt at 750 °C. The ASR values for G@lectrolysis were higher
than both steam electrolysis and co-electrolysis. This could be a consequence of simple
diffusion rates of individual species. The model was more sensitive to exchange current
density and charge transfer coefficients of the electrode as opposed to the £O
electrode.
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Figure 3. Comparison between numerical simulations and experimental dataf&CGE0O
Ar mixtures.
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Figure 4 shows excellent agreement between numerical simulation results and
experimental data, measured at 750°C and 850°C with an inlet gas composition of 25%
H.O: 25% CQ: 25% CO: 25% Ar to the Ni/YSZ electrode. Initially, fits were made for
H,O and CQ based inlet gas compositions, individually, in order to determine
electrochemical model input parameters. Then, simulations are carrieddor BQ —

H, — CO mixtures, after calibration. In order to account for differences in voltage at open-
circuit, leakage overpotential is considered. This is given by

i ) [24]

lmax

Nieak = Nieak,max <1 -

whereim is the maximum current. In this case, we wsgmx = 0.03 V andpax = 1.0

Alcm?. The calculated ASR values at 1.1 V are 0.27&n¥ at 850 °C and 0.592.cn?

at 750 °C. The ASR values correspond to the case where leakage losses are not
considered. An addition of @ reduces the ASR, implying the participation of bot®OH

and CQ during electrolysis at the TPB. This is because the ASR fOr électrolysis is

lower than that of the ASR for GQelectrolysis. For further understanding, interested
readers are directed to an exceptional article - (10). For model validataord g are
adjusted to reproduce experimental data. However, it is important to bear in mind that
these parameters are not unique. The two parallel electro-chemical reactions normalize to
a single value of current density (also at open-circuit) via charge and mass conservation
equations. The model is coupled with micro-kinetics, i.e., a 42-step elementary
heterogeneous reaction mechanism is used at the cathode. The mechanism, along with the
applied mean-field approach can be found in (7).

50 .
'?5%/7 1.3
— n 20.
> - > " 280
~— i _ ° Co
& Nt T >
© ‘850 oC TS - " ~r—— OCO' 11
o »25% ~—— T " 280
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Symbols - Experimental data (10)
Continuous lines - Numerical simulation (with leakage)
Dashed lines - Numerical simulation (without leakage)
0.7
-i -0.8 -0.0 -0.4 -0.2 0

Current density (A/cm?)

Figure 4. Comparison between numerical simulations and experimental dat®for H
CO,-H,-CO-Ar mixtures.

In Figure 5, one can observe the variation in activation and ohmic overpotentials,
during co-electrolysis, with current density. The overpotentials are simulated for the case
where leakage overpotentials are not considered. The overpotentials decrease with an
increase in temperature. It is important to remember that the current densities are actually
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negative and only the magnitudes are considered for parametric analysis. An increase in
temperature drastically improves the electrochemical performance of the cell. But, high
temperature operation has two main disadvantages — (i) Cell degradation, and (ii) Cost of
suitable materials. Thus, better thermal management techniques and/or materials that can
operate at intermediate to high temperatures are required. The ohmic overpotentials
decrease with increase in temperature as a result of Egs. [10] and [11]. It is interesting to
note that the activation overpotentials are greater at the cathode side as compared to the
anode side. It is also known that the electrode performance is better when the cell is
operating in co-electrolysis mode as compared te €€xtrolysis mode.

0.3 Inlet gas composition:
25%H,0:25% CO:25% CO,: 25% Ar

0.25 1 1-1123.15K /

-===T=1023.15 K /'

/

’
/! Ncathode,act Ncathode,act

Voltage (V)

0.1

_ r]anode,act
____________ R
0 - : ——— v Nohmic
0 0.2 0.4 0.6 0.8 1 1.2
Currentdensity (A/cm?)

Figure 5. Evolution of irreversible losses, during co-electrolysis, with current density.

Conclusions

A detailed electrochemical model fos®Hand CQ co-electrolysis has been developed.
The model uses Butler-Volmer equations for bot©Hand CQ electrolysis. It has the
possibility for incorporation into other macro-scale models for further study of internal
multi-physics phenomena. It also has been validated with experimental data available in
literature. The electrochemical performance of the cathode proved to be better for co-
electrolysis as compared to g@lectrolysis, based on ASR values. Further work would
involve investigation into the possibility of the methanation reaction to take place under
certain operating conditions, and to better understand the underlying charge transfer
mechanisms of SOEC during co-electrolysis.
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