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HIGHLIGHTS

® The first 2D combined CH4-assisted SOEC and F-T synthesis model is developed.
® A novel strategy towards low-carbon fuel generation is proposed.

® Parametric studies are conducted with performance determining factors discussed.
® The distribution of generated carbon-contained fuels (from C; to Cs.) is studied.

ARTICLE INFO ABSTRACT

CH;-assisted solid oxide electrolyzer cells (SOECs) can co-electrolyze H,O and CO, effectively for simultaneous
energy storage and CO, utilization. Compared with conventional SOECs, CHy-assisted SOECs consume less
electricity because CH, in the anode provides part of the energy for electrolysis. As syngas (CO and H, mixture)
is generated from the co-electrolysis process, it is necessary to study its utilization through the subsequent
processes, such as Fischer-Tropsch (F-T) synthesis to produce more value-added products. An F-T reactor can
convert syngas into hydrocarbons, and thus it is very suitable for the utilization of syngas. In this paper, the
combined CHy-assisted SOEC and F-T synthesis system is numerically studied. Validated 2D models for CH,-
assisted SOEC and F-T processes are adopted for parametric studies. It is found that the cathode inlet H,O/CO,
ratio in the SOEC significantly affects the production components through the F-T process. Other operating
parameters such as the operating temperature and applied voltage of the SOEC are found to greatly affect the
productions of the system. This model is important for understanding and design optimization of the combined
fuel-assisted SOEC and F-T synthesis system to achieve economical hydrocarbon generation.
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1. Introduction

With the growing attention on global warming, effective CO, utili-
zation methods are urgently needed [1]. Solid oxide electrolyzer cells
(SOECs) are high-temperature technologies [2], which are suitable to
convert CO, into chemicals or fuels by utilizing the renewable energy or
excessive electricity produced from renewable resources [3]. SOECs are
solid-state device working quietly at high efficiency [4]. In the SOEC, a
dense ion-conducting electrolyte is sandwiched between two porous
electrodes [5]. Compared with low-temperature electrolyzers, SOECs

consume less electrical energy as part of the input energy comes from
heat [6]. The high operating temperature also allows the use of non-
noble catalysts in the SOEC, leading to a lower overall cost [7]. In
addition, solid oxide cells are suitable components to be combined in
the hybrid systems such as the combination with Stirling cycle [8], the
Otto heat engine [9] and the Vacuum thermionic generator [10] for
overall performance improvement. Recently, the concept of fuel-as-
sisted SOECs has been proposed and demonstrated [11], where low-cost
fuels (e.g. methane from biogas or natural gas) are supplied to the
anode to reduce the operating potentials of the SOEC. Through
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Nomenclature Rysr methane steam reforming reaction
Ryes water gas shift reaction

Abbreviation T temperature, K
u velocity field, m®>s ™!

F-T Fischer Tropsch \ volume fraction

MSR methane steam reforming Y mole fraction of component i

SCCM standard cubic centime per minute

ScSZ scandium stabilized zirconium Greek letters

SOEC solid oxide electrolyzer cell

WGSR  water gas shift reforming a charge transfer coefficient

YSZ yttrium stabilized zirconium B activity factor, Am ™2
€ porosity

Roman Nt activation overpotential loss, V
Nohmic Ohmic overpotential loss, V

By permeability coefficient, m? x permeability, m?

D effective diffusivity of species i, m*s~* % dynamic viscosity of fluid, Pas

Dﬁcff Knudsen diffusion coefficient of i, m?s™! I fluid density, kgm ™3

b molecular diffusion coefficient of i, m?s ™! o conductivity, S/m

Eu activation energy, J mol ™! T tortuosity

Eco equilibrium potential for carbon monoxide oxidization, V

ES standard equilibrium potential for carbon monoxide oxi- Subscripts

dization, V

Ey equilibrium Nernst potential, V an anode

Ep, equilibrium potential for hydrogen oxidization, V ca cathode

E}_’,2 standard equilibrium potential for hydrogen oxidization, V CH,4 methane

F Faraday constant, 96,485 C mol ! co carbon monoxide

G Gibbs free energy CO, carbon dioxide

i operating current density, Am ™2 el electrolyte

io exchange current density, Am ™2 H, hydrogen

n number of electrons transferred per electrochemical re- H0 water

action 1 ionic phase

N flux of mass transport, kgm™3s™? 0, oxygen

P (partial) Pressure, Pa s electronic phase

Pty local CO partial pressures, Pa

Pk, local CO, partial pressures, Pa Superscripts

Pk local H, partial pressures, Pa o »

Pho local H,O partial pressures, Pa 0 paran.leter at equilibrium conditions

P, local O, partial pressures, Pa eff effective

R gas constant, 8.314 Jmol ' K~! L local

experimental and numerical analysis [12], the CHy-assisted SOEC has
been demonstrated to have a higher electrochemical performance
compared with the ones using CO as the assistant fuel. In some oper-
ating conditions, the fuel-assisted SOECs can even electrolyze oxidants
without consuming electricity, which means it is possible to convert
CO, to fuels by only consuming low-cost fuels in the SOEC [13].
Therefore, using SOECs for CO, recycle is an attractive solution for
emission reduction [14].

SOECs can co-electrolyze H,0 and CO- and generate syngas (H, and

e
1 =4
CI'-I Anode
Ho [=> CH+H,0=3H,+cO
2 H,+0%*=H,0 +2¢° ¢

€O + 0% = CO, +2¢°

Cathode

.je =

CO mixture) [15], which is a feedstock for the production of synthetic
hydrocarbons via Fischer-Tropsch (F-T) process [16]. As methane is
usually less wanted from the F-T process [17], it is therefore suitable to
recycle methane from F-T reactor as the assistant fuel in the SOEC [18].
A system consisting of a CHy-assisted SOEC and an F-T reactor can ef-
fectively convert CO, and generate desired hydrocarbons. Therefore,
such a hybrid system is very promising for CO, utilization and hydro-
carbon fuels generation. However, despite some preliminary studies on
the combined SOEC and F-T systems through Techno-economic analysis

H.O H,0 +2e'=H, + oz H
2 2 -
CO, +2e'=CO + 0% =)  Fischer-Tropsch Reactor
co, 2 co

Fig. 1. Schematic of combined CHy-assisted SOEC and F-T reactor system.
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[19] and thermodynamic analysis [20], no detailed physicochemical,
kinetics and thermofluids analysis on a combined fuel-assisted SOEC
and F-T synthesis system has been conducted thus far.

To fill this research gap, in this work, 2D mathematical models are
developed for a combined CHy-assisted SOEC and F-T synthesis system
for H,0/CO, co-electrolysis and hydrocarbon fuels generation. The sub-
models for the CHy-assisted SOEC [21] and the F-T reactor [22] are
validated in the previous studies. Parametric simulations are conducted
to understand the characteristics of such a system and the interplay of
different physical/chemical processes.

2. Model description

The proposed hybrid system consists of a CH4-assisted SOEC and an
F-T reactor, as shown in Fig. 1. In the SOEC anode, CH, and H,O are
supplied to anode with a ratio of 1:1.5 to avoid methane coking. CO,
and H,O are supplied to the cathode, where they are electrolyzed to
generate syngas. Syngas generated from the SOEC section is collected
for F-T reactor, where hydrocarbons are generated through the synth-
esis process.

2D numerical models are developed to simulate the characteristics
of the system, the model kinetics for both the CH-assisted SOEC [21]
and the F-T reactor [22] are validated by using prior published work. In
accordance with the experimental work, the tubular SOEC adopted in
the model has a length of 7 cm, an inner diameter of 0.3 cm and an
outer diameter of 0.5 cm. It uses Ni-YSZ as anode support layer, Ni-ScSZ
as anode active layer, ScSZ as electrolyte and Ni-ScSZ as cathode. The
tubular F-T reactor has a length of 30 cm and an outer diameter of 1 cm.
It uses Fe-based catalyst for the improvement of synthesis reaction
rates. The material properties for the SOEC can be found in Table 1.

For model simplification and easier calculation, the following as-
sumptions are adopted:

1. The triple phase boundaries are uniformly distributed in the porous
electrodes as the ionic and electronic conducting materials are well
mixed in the electrode preparing.

. The electronic and ionic conducting phases are continuous and
homogeneous in the porous electrodes as the electronic and ionic
conducting materials are well mixed in the electrode preparing.

. All the gases are considered as ideal gases because the effects of
intermolecular forces and molecules sizes are less significant at high
operating temperature.

. Temperature distribution is uniform in the reactors due to the small
size.

2.1. Sub-model of CH-assisted SOEC for CO, and H,0 co-electrolysis

As shown in Fig. 1, the gas mixture of H,O and CO, flows into the
cathode channel, while the gas mixture of CH4 and H,O flows into the
anode channel. In the cathode, both H,O and CO, are reduced to
generate H, and CO as shown in Eq. (1) and Eq. (2), respectively.

H,O + 2~ = H, + 02~ (@]

@

In the anode, the methane steam reforming (MSR) reaction happens
to generate H, and CO, which are then electrochemically oxidized by
the 0%~ ions transported from the cathode. The MSR reaction and
electrochemical oxidations of H, and CO are listed as shown in Egs.
(3)-(5).

CO, + 2¢~ = CO + 0%~

CH4 + H,O = CO + 3H, 3
H, + 0>~ = H,0 + 2e” ()]
CO + 0% = CO, + 2e~ (5)

Due to the existence of H,O and CO, water gas shift reaction
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(WGSR) occurs in both anode and cathode as shown in Eq. (6).

CO + H,0 = CO, + H, (6)

In operation, the required voltage applied to SOEC can be calculated
by Eq. (7) as:

V=E+ Nact + Tohmic» (7)

where E is the equilibrium potential related with thermodynamics; 7,
is the activation overpotentials reflecting the electrochemical activities
and 7). is the ohmic overpotential which can be calculated by the
Ohmic law.

The calculation of equilibrium potential is based on oxygen partial
pressure [23] and calculated as:

PL
E = E111[—23 Sz,ca ],
nF | X PG, 8)

where R is the universal gas constant (8.3145J mol 1K™, T is tem-
perature (K), F is the Faraday constant (96485Cmol~ '), n is the
number of electrodes transferred per electrochemical reaction, Pg, .,
and P, ,, are oxygen partial pressures in the cathode and anode, re-
spectively.

For the pairs of H,O/H, and CO,/CO, their oxygen partial pressures
can be expressed by:

L —
POz.(HZO/Hz) - (

L
PHz (C)]
Pco, AGcoy/co

PI{)Z,(COZ/CO) = (Tz RT ) ,
Pco (10)

where Pf o, Ph,, P&o, and Pg, are local partial pressures of H,0, Ha,

CO, and CO, respectively.AGyu,0/n, and AGco,/co are the Gibbs free

energy change in the H, and CO oxidation reactions, respectively.
The activation overpotential is calculated by the Butler-Volmer

equation as:
i= io{exp( ) - exp( )}
where i, is the exchange current density and « is the electronic transfer

coefficient. For H,O electrolysis, the exchange current density can be
further expressed as:

X (_ﬁ)
P RT
where § is the activity factor and E, is the activation energy. For CO,

electrolysis, its exchange current density is 0.45 times of H,O electro-
lysis [24]. All the kinetics for above reactions can be found in Table 2.

a nFnacl
RT

_(1 - a)nFnact
RT

an

L L
_ Pr,0 Ph,

1p =

B

Pref Pref (1 2)

2.2. Sub-model of F-T reactor

The F-T reactor uses Fe-HZSM5 as catalyst and works at 573 K and
2 MPa for syngas synthesis. The reactions in the F-T process are shown
in Egs. (13)-(20).

Table 1
Material properties.
Parameters Value or expression Unit
—9681 -1
Gsesz 69,200 x ¢ T Sm
—10300 Sm~!
ovsz 33,400 x ¢ T m
oNi 4.2 x 106 — 1065.3T Sm~!
€ 0.36
T 3
SteB 214 x 10° m~!
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Table 2
Reaction kinetic parameters in SOEC section.
Parameters Value or expression Unit
8 3.3x 108 Am~?
Ea 12 % 10° Jmol ™?
A0 0.65
aco, 0.65
3 -3.-1
Rumsr [27] et (Pers Prnc szpco) molm™"s
rf \PCH4 PHy0 Kpr
ke —231266 molm™3Pa~?s7!
T 23956xp(7RT )
Kpr 1.0267 x 10'%xp(—0.2513Z* + 0.3665Z> + 0.5810Z% — 27.134Z + 3.277)
R 28 PH, PCO, molm 357!
WwGsR [28] kst (Pry0Pco — #)
kst —103191 molm 3Pa~2s7!
s 0.0171exp(7RT )
Kps exp(—0.2935Z3 + 0.63512% + 4.1788Z + 0.3169)
Z 1000 _

1
T

CO + 3H, = CH4(C)) + H,0 13)
2CO + 4H, = C,H, + 2H,0 14)
2CO + 5H, = C,H¢(C,) + 2H,0 15)
3CO + 7H, = C3Hg(C3) + 3H,0 16)
4CO + 9H, = n — C4Hyy(nCy) + 4H,0 a7)
4CO + 9H, = i — C4H;o(iCy) + 4H,0 18)
6.05CO + 12.23H, = Cg0sHi53(Cs + ) + 6.05H,0 19)
CO + H,0 =CO, + H, (20)

The reaction kinetics for above reactions can be expressed as shown
in Eq. (21) [22].

= . _E m pn
R; = 0.278k;exp( RT)PCO H 1)

Related kinetics for reactions (13) to (20) are list in Table 3.
2.3. CFD Sub-model

For both the SOEC and the F-T reactor, the mass transport of gas
species is calculated by extended Fick’s law as shown in Eq. (22).
Boy,P
- _L("—y‘vp - DfEV(yiP))(i =1,--n)
RT\ u (22)
Here B, is the material permeability, u is the gas viscosity, y; and
D¢ are the mole fraction and effective diffusion coefficient of compo-
nent i, respectively. DS can be further determined by

-1
€ 1+1
<\ o)

where ¢ is the porosity, 7 is the tortuosity factor, DI is the molecular
diffusion coefficient and Dﬁff is the Knudsen diffusion coefficient [25].

The mass conservation can be described by

Deff =
(23)

V(-DfVc) = (24)

where c; is the gas molar concentration and 1 is the mass source term of
the gaseous species.

Navier-Stokes equation with Darcy’s term is adopted to calculate the
momentum transport in both the SOEC and F-T reactor as shown in Eq.
(25).

du

pa +puVu=-Vp+V

u

|67 wt o) - Zuva| - &

(25)

Here p is the gas density and u is the velocity vector.
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2.4. Boundary conditions and model solution

Electric potentials are specified at the outer surface of two elec-
trodes with the cell ends electrical insulated. Inlet gas flow rate and
mole fraction of the species are given at inlets of the SOEC. The ratio of
H, to CO for F-T reactor inlet is consistent with the ratio of H, to CO of
SOEC cathode outlet. The numerical models are solved at given para-
meters using commercial software COMSOL MULTIPHYSICS® version
5.2.

3. Results and discussions
3.1. Model validation

In the SOEC sub-model, the same material and geometry are
adopted in accordance with the experiments conducted by Luo et al.
[24]. The kinetic parameters of the SOEC are validated by comparing
the current-voltage characteristic of simulation results and experi-
mental data with good agreement as shown in Fig. 2. In the subsequent
parametric studies, the same cell structure and tuning parameters are
used. The detailed operating conditions for model validation are given
in Table 4.

In the Fisher-Tropsch sub-model, the same catalyst, operating tem-
perature and pressure are used in accordance with the experiments.
According to the testing and simulation results reported by Rahimpour
et al. [22], the well validated power law kinetic model is adopted.

For above models, proper mesh densities are adopted with mesh
independence validations conducted as shown in Fig. 2c and Fig. 2d.

3.2. Parametric studies
As shown in Fig. 3, CO and H, are generated in the SOEC and their

mole fractions increase continuously from the inlet to the outlet. While
in the F-T reactor, CO and H, are consumed and their mole fractions are

Table 3

Reaction kinetic parameters for F-T reactor.
Reaction number m n k E
13 —1.0889 1.5662 1.43 x 10° 83423.9
14 0.7622 0.0728 516 x 10! 65018.0
15 —0.5645 1.3155 2.47 x 10! 49782.0
16 0.4051 0.6635 463 x 10! 34855.5
17 0.4728 1.1389 474 % 10-3 27728.9
18 0.8204 0.5026 8.32 % 10-3 25730.1
19 0.5850 0.5982 2.32 x 1072 23564.3
20 0.5742 0.7100 4.11 x 102 58826.3
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Fig. 2. Model validation for the (a) sub-model of CH,-assisted SOEC for CO, and H,O co-electrolysis, (b) sub-model of Fischer-Tropsch synthesis.

Table 4
Operation parameters for model validation.
Parameter Value Unit
Anode gas flow rate 150 SCCM
Cathode gas flow rate 350 SCCM
Anode gas composition Air
Cathode gas composition C0,(28.6%) + H,0(28.6%) + H(14.3%) + N(28.5%)
Temperature 1073 K
Table 5
Outlet ‘ FOI . Hg ‘ Operating parameters for the study of inlet H,O/CO, ratio.
0.5 g Parameters Value or expression Unit
(%]
& Anode inlet gas component CH4 (40%) + H,0 (60%)
04 o Cathode inlet gas component CO, (10-90%) + H,0
g Anode inlet gas flow rate 100 SCCM
0.3 .E, Cathode inlet gas flow rate 100 SCCM
° Input voltage 0.7 v
0.2 S Operating temperature 1073 K
%
0.1 &
o Table 6
Inlet 0 § Operating parameters for the study of applied voltage.
——— ! i Parameters Value or expression Unit
SOEC F-T reactor
Anode inlet gas component CH4 (40%) + H,0 (60%)
Fig. 3. Gas species (CO & H,) distribution in the SOEC and Fischer-Tropsch Cathode inlet gas component CO, (50%) + Hy0 (50%)
reactor. Anode inlet gas flow rate 100 SCCM
Cathode inlet gas flow rate 100 SCCM
Input voltage 0.1-0.7 v
decreasing continuously from the inlet to the outlet. As syngas is the Operating temperature 1073 K

key intermediate in this hybrid system, the power consumption for
generating syngas and hydrocarbons generated from syngas are de-
tailed studied in the following parametric studies. Both cathode inlet
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Fig. 4. Effects of CO, mole fraction at cathode inlet on H, and CO mole frac-
tions at SOEC outlet.

0.8 . T T . T 8000
] CO/H,
: 2 L
B 0.7 —Hm—Input power density (W m™) . £
§ L 6000 3
o 2
w i 7
o 0.6 £
”n o
= 4000 5
2 05- H
© o
T E]
e i
_u
0.3 "
B . ; ] : . 0
0.0 0.2 0.4 0.6 0.8

Applied voltage (V)

Fig. 5. Effects of applied voltage on CO/H, ratio of generated syngas and power
consumption rate.
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section.
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Fig. 7. Effects of operating temperature on the electrolysis power consumption.

gas species and applied voltage are studies for the understanding and
optimization of operating parameters. The detailed operating para-
meters are listed in Table 5 and Table 6.

3.2.1. Effects on the syngas mole fractions and power consumption rate

As the intermediate product, syngas is generated from SOEC and
consumed in the F-T reactor. It has been proved by previous studies
[26] that the CO/H, ratio has great effects on the methane selectivity
and chain growth probability. Besides, the power consumption should
also be considered for the optimization of economic efficiency. There-
fore, it is important to study the factors that affects the generation of
syngas as well as the power consumption rate in the production of
syngas.

As shown in Fig. 4, the mole factions of Hy and CO at the SOEC
cathode outlet are significantly affected by the CO, mole fraction at the
inlet. With the increase of inlet CO, mole fraction, the mole fraction of
produced CO rises quickly while the mole fraction of H, declines con-
tinuously. The CO/H ratio is thus significantly improved with the in-
crease of inlet CO, mole fraction, where the ratio is only 0.056 when
CO, mole fraction at inlet is 0.2 while boosts to 4.6 when the CO, mole
fraction at inlet increases to 0.8. This 80-times increasement proves that
it is effective to control the CO/H, ratio at SOEC outlet by adjusting the
inlet CO5/H,0 mole ratio.

The CO/H, ratio is also affected by the applied voltage as shown in
Fig. 5. In accordance with previous reports [21], the SOEC can work at
a lower applied voltage with fuel assistance. In addition, a lower CO/H,
ratio at SOEC outlet can be obtained with the decrease of applied vol-
tage. For comparison, the CO/H, ratio at SOEC outlet is 0.76 at 0.7 V
applied voltage while decreases to less than half (0.3) at 0.05V applied
voltage. Moreover, the input power density is significantly declined
with the decrease of applied voltage, where the power density is
6258 Wm 2 at 0.7 V while decreases to 17 Wm 2 at 0.05 V. However,
the conversion rate of both H,O and CO, also drop quickly with the
decrease of applied voltage as shown in Fig. 6. At 0.7 V applied voltage,
the conversion rate of H;O and CO, are 87% and 67%, respectively.
While at 0.05V applied voltage, the conversion rate of H,O and CO,
drop to 5.5% and 1.7%, which is too low for practical application. The
power consumption of electrolysis is also affected by the operating
temperature of SOEC as shown in Fig. 7. At 2000 Am~2 operating
current density, 0.57 V input voltage is required when the SOEC is
working at 1023 K operating temperature. When the operating tem-
perature increases to 1123 K, only 0.12V input voltage is required,
which means about 80% of power consumption can be saved in this
case.
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3.2.2. Effects on the distribution of fuels at F-T outlet

Considering the conversion from CO, to carbon-contained fuels, the
proportions of C atoms among the carbon-contained fuels (including
CH4 (Cy), CoHy, CoHg (C2), C3Hg (Cs), i-C4Hio, n-C4Hio, Ce.o5Hi2.36
(Cs4) and CO) are calculated. The proportion of C atoms in each fuel is
calculated as P = C[C

one specific fuel and Cmml is the amount of C atoms contained in all the
fuels.

As shown in Fig. 8, when the CO, mole fraction at inlet is 0.5, the
largest part of C atoms (30%) is contained in CH, among all the fuels,

while only 20% C atoms are contained in Cs ., and there are still 9% CO
not fully used. With the increase of inlet CO, mole fraction, the C atoms
contained in CH,4 continuously decreases, where there are only 16%,
9% and even 4% C atoms contained in CH,4 at 0.55, 0.6 and 0.65 inlet
CO,, mole fractions, respectively. On the other hand, the C atoms con-
tained in CO increases quickly with the increase of CO, mole fractions
at inlet, where 26%, 41% and 53% C atoms are contained in CO at 0.55,
0.6 and 0.65 inlet CO5 mole fractions, respectively. The proportion of C
atoms contained in Cs is relatively stable with the change of inlet CO,
mole fraction, which only varies between 22% and 18% at given op-
erating parameters. As CH, can be recycled to be utilized in the SOEC
section and a high CO conversion rate is preferred, a lower inlet CO,
mole fraction is thus suggested through above analysis.

The proportion of C atoms contained in hydrocarbons (C,H,,) and
CO, conversion rate is also given as shown in Fig. 9. Although the
proportion of C,H,, continuously decreases (from 90% to 26%) with the
increase of inlet CO, mole fraction, the significant increase of CO,
conversion rate (from 46% to 74%) is still attractive in the utilization of
COs.

4. Conclusions

In this paper, the first 2D model combining a CHy-assisted solid
oxide co-electrolysis and Fischer-Tropsch synthesis system for CO,
utilization and hydrocarbon generation is developed. The kinetics of the
model are validated by using previous studies. CO, and H,O are used as
the feedstock to produce low-carbon fuel through the F-T reactor.
Through parametric studies, the effects of CO, (H,0) mole fraction on
the production of syngas is studies. It is found that it is effective to
control the CO/H, ratio of the syngas by adjusting the CO,/H,O ratio at
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the SOEC inlet. Besides, the applied voltage is also varied for the
parametric study, where the applied voltage and operating temperature
are found to significantly affect the power consumption rate as well as
the CO, and H,O conversion rate. Finally, the distribution of carbon-
contained fuels generated by the F-T reactor is studied. The proportions
of C atoms among different fuels are compared, where it is found that
the inlet CO, (H,0O) mole fraction significantly affects the proportion of
fuels, particularly CH, and CO in the F-T outlet. In general, the mole
fractions of hydrocarbons from C; to Cs. generated by the F-T reactor
can be controlled by adjusting the inlet H,O/CO, ratio in the electro-
lysis process. This study builds a solid foundation for the understanding
and optimization of a combined fuel-assisted SOEC and F-T reactor
system. Based on this preliminary work, a higher-level model is still
needed, which can give a detailed analysis on the integration of this
low-carbon fuel generation technology with other energy conversion-
storage hubs.
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