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The development of solid oxide electrolysis cell (SOEC) for syngas production has achieved considerable
attention because SOEC can directly convert carbon dioxide (CO2) to carbon monoxide (CO). The material of
electrolyte for SOEC has a significant effect on the cell performance. Y2O3-stabilized ZrO2 (YSZ) and Sr- and
Mg-doped LaGaO3 (LSGM) are interesting electrolytes for SOEC due to their high oxide ion conductivity.
Therefore, this work aims to simulate and study the SOECs with YSZ-based and LSGM-based electrolytes by
H2O/CO2 co-electrolysis for syngas production. The predicted results of both SOEC models were in good
agreement with experiment data. The validated models of both SOECs were used to analyze the effect of
temperature. The increase of operating temperature can reduce the cell voltage and power consumption of both
SOECs. When comparing both SOECs, the cell voltage of YSZ-SOEC is lower than that of LSGM-SOEC in the
range of 800-1,000 oC. On the other hand, the performance of LSGM-SOEC is superior to that of YSZ-SOEC
at an operating temperature below 800 oC.

1. Introduction

Nowadays global energy consumption is increasing rapidly while fossil energy sources are decreasing. 

Moreover, the use of fossil fuel is the main cause of the CO2 and greenhouse gas emissions in the atmosphere
which are the major environmental problems. Renewable energies, i.e., solar, wind, and nuclear that are
sustainable and environment-friendly resources have attracted much attention. However, these renewable
sources result in unstable capacity of electricity production because they depend on the weather condition and
other uncontrollable factors. Therefore, they require the use of an on-site energy storage system. Electrolyzer 
is an attractive energy storage device for the conversion of power to fuel. The electrolyzer can produce hydrogen
from splitting water with electricity. 

Solid oxide electrolysis cell (SOEC) is regarded as a promising technology for fuel production owing to its high
efficiency and durability. Grigoriev et al. (2020) reported that theoretical efficiency of SOEC is above 80%. SOEC
is higher than the efficiency of alkaline electrolysis cell (AEC) and proton exchange membrane electrolysis cell
(PEMEC).  Moreover, SOEC not only produces hydrogen via steam electrolysis, but it can also convert CO2 to
CO. Currently, the utilization of CO2 has been proposed to reduce CO2 emissions (Zhang et., 2017). Thus,
SOEC is an interesting alternative because it can produce fuel and reduce CO2 emissions.
Although CO2 can be converted to CO in SOEC, the carbon deposition on cathode side suffers from CO2

electrolysis of SOEC (Saebea et al., 2017). The co-electrolysis of H2O and CO2 alleviates the problem of carbon
formation. Furthermore, the H2O and CO2 co-electrolysis has faster reaction rate, lower cell resistance, and
lower power consumption than CO2 electrolysis (Menon et al., 2015). The syngas is produced from SOEC in
H2O and CO2 co-electrolysis mode. H2 and CO in syngas are important feedstocks for the production of various
chemicals and fuels such as synthetic diesel via Fischer-Tropsch synthesis, or methane, methanol, and dimethyl
ether via catalytic reactions (Rivera-Tinoco et al., 2016). 
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In general, yttria-stabilized zirconia (YSZ) is applied as electrolyte of SOEC due to its high ion conductivity,
stability on reactions of oxidation and reduction, and mechanical strength. The SOEC with YSZ-based
electrolyte needs to operate at high temperature in range of 800-1000 °C. The cell operation under high
temperature causes thermal gradient and thermal shock resistance, resulting in the short lifetime (Petipas et al.,
2017). A candidate for SOEC electrolyte is a strontium and magnesium doped lanthanum gallate
(La0.9Sr0.1Ga0.8Mg0.2O3, LSGM) which has high oxide ion conductivity and ionic transport number (Ishihara et
al., 2017). The SOECs with YSZ-based and LSGM-based electrolytes have different advantages and
disadvantages. In syngas production, the SOECs by H2O and CO2 co-electrolysis mode is rather complex. The
suitable operation of SOECs with YSZ-based and LSGM-based electrolytes for H2O and CO2 co-electrolysis
should be investigated. To compare their behavior and performance in all aspects, the mathematical model can
help to study the internal working of cell and predict the appropriate operating condition.Thus, the mathematical
models of YSZ-SOEC and LSGM-SOEC for H2O/CO2 co-electrolysis that combine electro-chemistry, porous
media transport, and mass transport are studied this work. Moreover, the performance of SOECs with YSZ-
based and LSGM-based electrolytes is studied and compared.

2. SOEC Model

The SOEC consists of three main components, i.e., cathode, electrolyte, and anode .  The SOECs with YSZ-
based and LSGM-based electrolytes are studied in this work. In the structure of SOEC with YSZ-based
electrolyte, nickel–yttria stabilized zirconia (Ni-YSZ) and Sr-doped LaMnO3 (LSM) are considered as cathode
and anode, respectively. For SOEC with LSGM-based electrolyte, materials of cathode and anode are nickel-
La0.9Sr0.1Ga0.8Mg0.8O3-δ (Ni-LSGM) and La0.6Sr0.4Co0.2Fe0.8O3-Ce0.9Gd0.1O1.95 (LSCF-GDC), respectively.

2.1 SOEC operation  

Steam and carbon dioxide are fed to cathode side. H2O electrolysis, CO2 electrolysis, and reverse water gas-

shift reactions in Eqs(1)-(3) occur at the triple-phase boundary between cathode and electrolyte. The oxygen
ions diffuse through electrolyte from the cathode-electrolyte interface to the anode-electrolyte interface. The
oxygen ions form to oxygen molecules at the anode side, as shown in Eq(4). Air is introduced to the anode side
and sweeps the oxygen molecule. 

2

2 2H O  2e  H  O    (1)

2

2CO   2e  CO  O    (2)

2 2 2CO  H   CO  + H O   (3)

2

2

1
O  O  + 2e

2

  (4)

To simulate SOEC behaviour, the assumptions used for the model of SOEC by H2O and CO2 co-electrolysis
are the following: 

(1) All gases are ideal.  
(2) SOEC is operated at steady-state and isothermal conditions. 

(3) Pressure drop and temperature gradient in the SOEC are negligible.

(4) The reaction sites at electrode/electrolyte interface are uniformly distributed. 

2.2 Electrochemical model 

Power input is required for the co-electrolysis of H2O and CO2. The power consumption of SOEC relates to
current density and operating cell voltage. The total current density is the sum of charge transfers for H2O
electrolysis and CO2 electrolysis as shown in Eq(5). 

2H CO (1 )j j j j j       (5)

where  is the normalization factor which is the ratio of H2 electrochemical current density at the cathode-

electrolyte interface to total current density. For the operation of SOEC, the operating cell voltage is the sum of
reversible and irreversible potentials as follows: 

cell act,ca act,an ohmV E       (6)
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where
act,ca and 

act,an  are the activation polarizations of cathode and anode (V), respectively, 
ohm  is the ohmic

polarization (V), and E  is the reversible cell voltage (V) which is a minimum potential at open-circuit condition
expressed by the Nernst equation in Eq(7) and Eq(8). 
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(8)

where 0

iE  is the reversible cell voltage at standard pressure (V), ip is the partial pressure of species i at
electrode-electrolyte interface (bar), F is the Faraday constant (C.mol-1), and R is the gas constant (J.mol-1.K-1).
Activation polarizations which are related to the sluggishness of the electrolysis reaction at the
electrode/electrolyte interfaces can be described by Butler–Volmer equation. Activation overpotentials occurring
from H2O electrolysis at anode and cathode are shown in Eq(9) and Eq(10), respectively.  Eq(11) and Eq(12)
show the activation overpotentials for CO2 electrolysis at anode and cathode, respectively.  
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(12)

where an and ca  are the asymmetric charge transfer coefficients at anode and cathode, respectively, and

2

0

Hj , 0

COj , and
2

0

Oj  are the exchange current densities of H2, CO, and O2 (A.m-2), respectively, which are related 
to open surface coverage and surface coverage of electrochemically active species, as shown in Eqs(13)-(15).
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where *

ip  is partial pressure of species i at equilibrium condition (bar), 0

ij  is the exchange current density of

species i  (A.m-2) which can be expressed by the Arrhenius law, and *

ij  is the current density of species i at
equilibrium condition (A.m-2).  
Ohmic polarization occurs from resistance along the ionic flow in the electrolyte and the electron flow though
the anode and cathode. The ohmic polarization is expressed by Ohm’s law as follows:

ohm tR j   (16) 

where 
tR is the electronic and ionic resistances ( ) which are function of conductivity and thickness of the 

individual layers.

2.3 Mass balance for porous transport     

The concentration of gas in the porous electrode is considered from mass balance equation in Eq(17) .  Dusty-

gas model is used for the reactive transport of multi-component gas, as expressed by Eq(18). 

 i
i i
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  


(17)

j i i ji i
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1, 1i,k j

n y N y NN dyP

RT dxD Dj j i


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 


 
(18)

where   is the electrode porosity,
iy  is the mole fraction of species i,

iN  is the molar flux of species i,
iR  is the

reaction rate of species i, eff

i,kD  is the effective Knudsen diffusion coefficient, and eff

ijD is the effective binary

diffusion coefficient. 

3. Results and discussion

3.1 Validation of model 

Eqs(5)-(18) from the previous section were used for simulating the performances of YSZ-SOEC and LSGM-
SOEC. The nonlinear algebraic equations of SOEC model were solved by using MATLAB. Due to different
anode, cathode, and electrolyte materials of both SOECs, the material property values of both SOECs such as
porosity, tortuosity factor, conductivities, and pre-exponent factors, are dissimilar. The material property
parameters of both SOECs are included in Table 1.

Table 1: Values of the material property parameters for the SOEC. 

Parameters YSZ-SOEC LSGM-SOEC
Cathode porosity 0.5 0.26

Anode porosity 0.5 0.3

Tortuosity factor 5 3
Cathode conductivity (S.m-1) 63.27 10 1065.3T  31 10

Anode conductivity (S.m-1) 74.2 10 1150
exp

T T

  
 
 
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Electrolyte conductivity (S m-1) 63.27 10 1065T  85.17 10 93800
exp

T RT

  
 
 

 

Pre-exponent factor of H2 (k) 6.0 x 1010 6.0 x 1010 
Pre-exponent factor of CO (k) 1.2 x 1010 1.2 x 1010 
Pre-exponent factor of O2 (k) 4.0 x 1012 5.0 x 1012 

To ensure the reliability of the simulated model of both SOECs, the voltage as a function of current density from
the model of SOEC with YSZ-based electrolyte was verified with experimental data of Ni (2012). For the LSGM-
SOEC model, the results from model prediction were compared with the experimental data reported by Wendel
et al. (2015). The operating and configuration parameters for the model validation of both SOECs are included
in Table 2. The operating temperature of YSZ-SOEC is 800 °C while the LSGM-SOEC is operated at 650 °C.
Figures 1a and 1b show the comparison of cell voltage at various current densities in the range of 0-10,000 A.m-

2 between predictions and experimental results of YSZ-SOEC and LSGM-SOEC, respectively. From Figure 1,
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the cell voltage is enhanced with increasing the current density. The current-voltage characteristics of YSZ-
SOEC and LSGM-SOEC are the same tendency. Figures 1a and 1b can show that the simulated results from
both models fit well with the experimental data. Root mean square errors (R2) are 0.992 for YSZ-SOEC and
0.997 for LSGM-SOEC. The R2 values of both SOEC models are close to 1. This indicates that the results from
predictions of both models are reliable.

Table 2: Operating and configuration parameters for the model validation. 

Parameters   YSZ-SOEC LSGM-SOEC
Operating temperature (°C) 800 650

Pressure (bar) 1 1
Inlet gas composition at anode channel 49.7% H2O, 25% CO2,

25% H2, and 3% CO
50% H2O, 0% CO2,
50% H2, and 0% CO

Inlet gas compositions at cathode channel 21% O2, 79% N2 21% O2, 79% N2

Cathode thickness (µm) 500 600

Anode thickness (µm) 50 20
Electrolyte thickness (µm) 50 16

(a)        (b)

Figure 1: Comparison between the predicted results from SOEC model and the experimental results (a) YSZ-

SOEC and (b) LSGM-SOEC. 

3.2 Comparison of YSZ-SOEC and LSGM-SOEC 

The validated models of YSZ-SOEC and LSGM-SOEC were used for studying their performance. In the
investigation of their performance, the YSZ-SOEC and LSGM-SOEC are based on the cathode-supported
structure. The components of inlet cathode gas are 45% for H2O, 45% for CO2, and 10% for H2.  In the anode
side, air is fed.

(a)     (b)  

Figure 2: Effect of operating temperature on (a) cell voltage and (b) Ohmic polarization. 

0.9
0.95

1
1.05
1.1

1.15
1.2

1.25
1.3

1.35

0 2000 4000 6000 8000 10000 12000

C
el

l v
ol

ta
ge

 (V
)

Current density (A.m-2)

Exp.
Sim.

0.98
1

1.02
1.04
1.06
1.08
1.1

1.12
1.14
1.16
1.18

0 2000 4000 6000 8000 10000 12000

C
el

l v
ol

ta
ge

 (V
)

Current density (A.m-2)

Exp.
Sim.

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

600 650 700 750 800 850 900

C
el

l v
ol

ta
ge

 (V
)

Temperature (oC)

YSZ

LSGM

0

0.5

1

1.5

2

2.5

600 650 700 750 800 850 900

O
hm

ic
 p

ol
ar

iz
at

io
n 

(V
)

Temperature (oC)

YSZ
LSGM

437



The influence of operating temperature in the range of 600-900 ºC on the cell voltage of YSZ-SOEC and LSGM-

SOEC at the current density of 10,000 A.m-2 is shown in Figure 2a. From Figure 2a, the cell voltage of both
SOECs decreases with increasing of operating temperature. The power density directly relates to the cell
voltage. This indicates that the power consumption of SOECs for H2O/CO2 co-electrolysis reduces at higher
operating temperatures. It can be explained that the increase of operating temperature results in the reduction
of reversible voltage and ohmic polarization as shown in Figure 2b. Consequently, this leads to the decrease in
the cell voltage. In the range of 600-800 ºC, the cell voltage of YSZ-SOEC vastly reduces. For the LSGM-SOEC,
the increase of operating temperature has an insignificant effect on the cell voltage. When comparing the two
types of SOECs, the cell voltage of LSGM-SOEC is lower than that of YSZ-SOEC at a low temperature of 600-

850 ºC. At the operating temperature above 850 ºC, the cell voltage of LSGM-SOEC is slightly higher than that
of YSZ-SOEC. This indicates that the conductivity of LSGM electrolyte at low temperature is substantially higher
than that of YSZ electrolyte. Thus, the ohmic polarization of LSGM-SOEC is obviously lower than that of YSZ-
SOEC at low temperatures. Figure 2a indicates that the cell voltage of LSGM-SOEC at 700 ºC is close to that
of YSZ-SOEC at 800 ºC. The power densities of LSGM-SOEC at 700 ºC and YSZ-SOEC at 800 ºC are 10.41
and 10.48 kW.m-2, respectively. 

4. Conclusions

The performances of SOECs with YSZ-based electrolyte and LSGM-based electrolyte for H2O and CO2 co-
electrolysis have been presented. The models of YSZ-SOEC and LSGM-SOEC were verified with the
experimental data in order to ensure the accuracy of the results. The results from the simulation of both SOEC
models showed good agreement with experimental data. The verified models were used for studying the effect
of operating temperature on the cell performance of both SOECs. The cell voltage of SOECs can reduce with
increase in the operating temperature. When comparing YSZ-SOEC and LSGM-SOEC, the increase of
operating temperature on the performance of YSZ-SOEC has more effect than that of LSGM-SOEC. In the
range of 600 to 850 ºC, the power consumption of LSGM-SOEC for H2O and CO2 co-electrolysis is lower than
that of YSZ-SOEC. However, the increase of temperature above 850 ºC considerably affects on the reduction
of ohmic potential in the YSZ-SOEC. Thus, YSZ-SOEC consumes less power than LSGM-SOEC at high
temperatures.
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