The 8™ International TIChE Conference (ITIChE 2018)
"Designing Tomorrow Towards Sustainable Engineering and Technology"

TIChE

N\ AUIANIANT fiuszgndusial
.b The Thai Institute of Chemical Engineering and Applied Chemistry

|-PRO-O-177-08

Comparative study of hydrogen production from solid oxide electrolysis cell
with different electrolyte types

RS
ITIChE2018
TIChE2018

1

@A-ONE The Royal Cruise Hotel Pattaya, Thailand, November 8-9, 2018

Chawanut Tangkusonjit, Tanawan Pinnarat, Yaneeporn Patcharavorachot*

Department of Chemical Engineering, Facuty of Engineering, King Mongkut’s Institue of Technology Ladkrabang,
Bangkok, Thailand

*Corresponding author’s e-mail address: yaneeporn.pa@kmitl.ac.th

Abstract

Solid oxide electrolysis cell (SOEC) is one of technologies for producing hydrogen through the water splitting
by electricity. In general, two types of electrolyte (i.e., oxygen-ion and proton conducting electrolytes) can be used
in the SOEC. The different between both types of electrolyte is the location of steam fed and hydrogen produced. As
a consequence, it is expected that the quality and quantity of hydrogen produced are difference. In order to clarify in
this issue, this work aims to investigate the hydrogen production performance of oxygen-ion conducting SOEC (O-
SOEC) and proton conducting SOEC (H-SOEC). The hydrogen production process from SOEC is designed and
simulated by using Aspen Plus simulator. The electrochemical model which takes into account all overpotentials (i.e.,
ohmic, concentration and activation overpotentials) is implemented in the calculator block to calculate the cell
potential used for hydrogen production. The impact of key operating conditions on cell potential is further examined.
The results showed that the H-SOEC is suitable for operation at below 1050 K whereas the high temperature operation
is recommended for O-SOEC.

Keywords: Hydrogen production, Solid oxide electrolysis cell, Proton conducting electrolyte, Oxygen-ion
conducting electrolyte, Process Simulation

Introduction

Most of electricity generated nowadays mainly comes from fossil fuel resources, even though it is responsible
for emitting a great amount of carbon dioxide which is one of the greenhouse gases that affect negatively to the
environment. The effect can vary from air pollution to the increasing of average global temperature and sea-water
level; overall the problems can be as big as a climate change. However, electricity can be generated from several
kinds of resources other than fossil fuel, for example, renewable sources. Renewables energy consists of solar, wind,
geothermal, wave, biomass and nuclear have been studying and developing, but there are many obstacles for using it
directly [1]. Thus, hydrogen is used as an energy carrier. In this method, electricity is generated from reaction between
hydrogen and oxygen, creating electricity and water as by-product, resulting in the reduction of air pollution in the
environment. Although, generating electricity from hydrogen seem to be environmental friendly, 96 % of the
production use energy from fossil fuel such as steam reforming, gasification and oil refineries which still emit carbon
dioxide to the environment [2], leaving only 4 % or 8 GW of the production that comes from truly environmental
friendly alternative methods (emit no carbon dioxide) [3]. Among all in the 4 %, there is water electrolysis. The water
electrolysis uses the electricity to separate water and then, hydrogen and oxygen is generated. If the electricity
produces from renewable energy such as solar, wind, wave and nuclear energy that are clean technology, hydrogen
production through the water electrolysis becomes the cleanest method.

Among many kinds of electrolysis, the solid oxide electrolysis cell (SOEC) has received much interest since it
requires low energy consumption and provides high efficiency of conversion. In general, there are two types of
electrolyte used in the SOEC, i.e. oxygen ion-conducting and proton-conducting electrolytes. Many research in the
area of oxygen ion-conducting solid oxide electrolysis cell (O-SOEC) reported that its high temperature operation, at
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around 973 — 1273 K is useful for eliminating expensive catalyst and increasing conversion efficiency [4]. On the
other hand, a proton-conducting solid oxide electrolysis cell (H-SOEC) operated at lower operating temperature (573
— 973 K) is more compatible to be used with wider range of materials [5].

Since both types of SOEC have distinct advantages and disadvantage, the aim of this work is to investigate the
hydrogen production through different types of SOEC. The favorable operating condition of each SOEC is
determined. The performance of H-SOEC and O-SOEC is analyzed by using Aspen Plus simulator based on
thermodynamic calculation. Electrochemical model which shows the relation between current density and all
overpotentials (i.e., ohmic, concentration and activation overpotentials) is implemented in the calculator block to
compute the cell potential used for hydrogen production. After that, the optimizations of H-SOEC and O-SOEC are
performed to identify the optimal operating condition that uses minimum cell potential.

Materials and methods
Modeling of SOEC

The SOEC has three components, consisting of anode, electrolyte and cathode. Each type of SOEC is made
from materials. For the H-SOEC considered in this work, platinum (Pt) and BaCeo.9Y.1035 are used as the electrodes
and electrolyte, respectively. Figure 1(a) demonstrates the basic component and operation of H-SOEC. Water is fed
into the anode side where it is decomposed into oxygen, proton (H*) and electron. Due to the protonic conduction of
H-SOEC, proton can move from the anode side to the cathode side via electrolyte. At the cathode side, the
combination of proton and electron can generate hydrogen. Egs. (1) — (3) present the chemical reactions occurred at
the anode and cathode side and the overall reaction of H-SOEC, respectively.

Anode : HZO—>%OZ+2H++2€ @)
Cathode : 2H" +2e” > H, 2)
Overall : H,0O —)%O2 +H, ®)

In case of the O-SOEC, the cathode, electrolyte and anode are made from Ni-YSZ, YSZ and LSM-YSZ,
respectively. As seen in Figure 1(b), for the O-SOEC, water is fed at the cathode side and reacts with electron is to
further generate hydrogen and oxygen-ion. Then, oxygen-ion travels through electrolyte and is oxidized to combine
oxygen. The overall reaction of O-SOEC is same with the H-SOEC. The chemical reactions at cathode (Eg. (4)) and
anode sides (Eq. (5)) of O-SOEC are shown below:

Cathode : H,O0+2¢” - 0% +H, 0
-1 _
Anode : O — =0, +2e ©)
2
H,0 ¥
—> i .
02- H H+ Hz 02
—> —>
H,00, o H'
€— Hpo
Anode Electrolyte  Cathode Anode Electrolyte Cathode

(@) (b)
Figure 1 The basic component and operation of the (a) H-SOEC and (b) O-SOEC
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Electrochemical model
Electrochemical model can predict the performance of H-SOEC and O-SOEC which presents the relationship
between current density (j) and cell potential (V). Not only the operating conditions (e.g., temperature, pressure and
fed component) but also structural parameters (e.g., thickness of each component) have a significant effect on the
SOEC performance. The real cell potential is the summation of reversible potential (E) and overpotentials which can
be expressed as:

V= Er + nconc,anode + nconc,cathode + Uact,anode + nact,cathode + nohm (6)
The reversible potential (E;) is minimum potential of electrolysis cell consumed which can be calculated from
the Nernst equation as follows:
0.5
RT [ Pu,PS
E =E°+——In| =2
n_ F PHZO

te

U]

where E? is standard potential; R is the gas constant; T is the operating temperature; N, is number of transferred

electrons; F is Faraday’s constant; P; is the partial pressure of each species. The standard potential can be given as
the below equation [6].

E° =1.253-0.00024516 T (8)

In matter of facts, the electrical conductivity of electrode at cathode and anode is higher than the electrolyte
(Petectrode > Petectrotyte)- Thus, the electrode value can be neglected. The ohmic overpotential is calculated Ohm’s
law as Eq. (9) - (10):

nohm = J X Rohm (9)
_ Tolectrode n z-electrolyue ~ Z-electrolyua\ (10)
P electrode P electrolyte P electrolyte

where j is the current density, Teiecrrode AN T erecerotyte A€ the cell thickness of electrode and electrolyte,
respectively; peiectrode AN Perectrotyte are the conductivity of electrode and electrolyte, respectively.

The concentration overpotentials are the resistance to mass transport of gas species at the electrode-electrolyte
interface (Triple Phase Boundary, TPB). The concentration overpotential at the anode and cathode of H-SOEC can
be computed by Egs. (12) and (13) while O-SOEC can be computed by Egs. (14) and (15), respectively.

P pTPe 05
Neonsan = R || Tro | o for H-SOEC (12)
conc,an TPB -
nteF F)HZO F)O2

R

ohm

PTPB
77C0nC ca = ﬂ In HZ (13)
' neF P,
0.5
RT  (Po,”
Meoncan = nte_FIn B for O-SOEC (14)
RT I [ Pro P
oncca n : : 15
770 nc,ca nteF P}—':'SOB PHZ ( )

The partial pressures of H20, O, and H; at TPB of SOEC derived from Fick’s law are shown in the following
equations which the H-SOEC, it is calculated from Darcy’s law [7], and O-SOEC cannot use the same equation
because feed and outlet position are difference, so it is used by L. Namwong [11] and Y. Patcharavorachot [12]. The
effective diffusion coefficient can be explained in the Bosanquet equation as Eq. (16);

1 _¢[ 1 1
— = (16)
D, 4 Di,j Di,k
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Table 1 The used parameters in SOEC validation and modeling results.

Parameters Value
Operating pressure, P 1 bar
Area contact of cell, A 0.04 m?
Number of cell, Neen 500 cells
For H-SOEC
Inlet steam, Ny, o Feeq 1 kmol/h

Steam composition
Electrolyte conductivity, Pelectrolye

[9]

95 mol% H,0/5 mol% H,

7.66x108/Txexp(-8.74x10%T) Q*m?

Cathode thickness, 7 zinode 100x10°m
Electrolyte thickness, Zecoiye 100x10°m
Anode thickness, 7,,04e 200x10°m

Activation energy [11]

Eaan 53.123 kJ/mol
Eaca 56.739 kJ/mol
Pre-exponential factor [11]
Kan 2.802x10° Q'm2
Kea 8.569x10° Q'm2
For O-SOEC
Inlet steam, Ny, o Feq 5 kmol/h

Steam composition
Electrolyte conductivity, Pelectrolye
[12]

60 mol% H20/5 mol% H,

33.4x103xexp(-10.3x10%/T) Q'm?

Cathode thickness, 7 amode 500%10°m
Electrolyte thickness, 7eqroiyte 10x10°m
Anode thickness, 7,046 50x10®m
Activation energy [12]
Ea,an 137 kJ/mol
Ea,ca 140 kJ/mol
Pre-exponential factor [12]
Kan 235x10° Q'm?
Kca 654x10° Q'm?

where ¢ is the electrode tortuosity; & is the electrode porosity; and D; ; and D;  are the binary and Knudsen

diffusion coefficients, respectively. The activation ovepotentials are loss due to the kinetic reactions at the electrodes.
The Butler-Volmer equation is used to calculate these losses as Egs. (17);

i
nte jO,i

RT . _
nact,i :?Slnh '

(17)

where j, ., and ji 4, are the exchange current densities at the cathode and anode. In general, the exchange
current density is defined in several forms. It can be constant value or depends on operating conditions. Since the
operating conditions are affected to the performance of H-SOEC, the constant exchange current density may result
in the different performance between the calculation and real operation. Thus, this thesis aims to develop the exchange
current density in the format of Arrhenius equation as follows:
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Figure 2 The comparison results of the simulation results and the experiment results of (a) H-SOEC and (b)
O-SOEC at 1kmol/h, 1 bar 0.04 m? of area contact of cell and 500 cells of number of cell used

J —ﬂk exp| — Ba i=an,ca (18)
“nF RT )’ !

where Eaan and Eaca are the activation energy levels at the anode and cathode, respectively. The conversion of
reaction which represents the steam utilization can be expressed by Y. Fu et al [8].

Model validation

The model validation is performed to confirm that simulation results can predict the performance of SOEC. In
this work, the experiment of P.A. Stuart [9] and A. Momma [10] are used for model validation of H-SOEC and O-
SOEC, respectively. Figure 2 shows the comparison results of cell potential obtained from the simulation results and
the experiment data. The error of simulation result compared with the experiment is around 8%; this value is
acceptable. Therefore, it can be concluded that the proposed model can be used for studying the hydrogen production
through H-SOEC and O-SOEC. The pre-exponential factor and activation energy for H-SOEC and O-SOEC are used
by L. Namwong [11] and Y. Patcharavorachot [12], respectively.

Results and Discussion

Effect of temperature

In this section, the operating temperature of SOEC, varying in a range of 773 to 1373 K is investigated whereas
other parameters are set as a constant value. Figure 3a presents the effect of operating temperature on cell potential
of both SOECs. The simulation result indicates that the cell potential of both SOECs will decrease as an exponential
function with increasing temperature. Considering the individual voltage loss (Figure 4), it can be seen that the higher
temperature operation causes a significant decrease in ohmic overpotential. This is because the conductivity of
electrolyte increases with an increase in operating temperature and thus, the ohmic overpotential is lower. Moreover,
increasing operating temperature leads to a slight reduction of activation overpotential. Interestingly, under the
operating temperature below 1050 K, the H-SOEC will use cell potential less than O-SOEC. In contrast, the H-SOEC
requires more cell potential than O-SOEC when the SOEC is operated at high temperature. This is because the
conductivity of proton conducting solid oxides is higher at lower temperature. As a result, it can be concluded that
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the H-SOEC is suitable for lower temperature operation whereas the higher temperature operation is recommended
for O-SOEC.

Effect of pressure

Figure 3b demonstrates the cell potential of both SOECs as a function of operating pressure which is adjusted
between 1 and 20 bar. The temperature are kept constant as 1073 K. From Figure 3b, it can be seen that the pressure
has a little effect on the cell potential in which it will increase when pressure increase. In general, the variation of
pressure affects to reversible potential and concentration overpotential. Higher pressure operation can increase the
reversible potential. In contrast, the concentration overpotential is lower since the gas easily diffuses to the reaction
site under high operating pressure. However, the simulation results, as seen in Figure 5, reveal that the increase of
reversible potential and the decrease of concentration overpotentials has a slight effect on cell potential. From Figure
3b, it is found that the variations of the H-SOEC and O-SOEC at different pressure are the same tendency.
Nevertheless, the H-SOEC has more cell potential than the O-SOEC.
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Figure 3 Effect of (a) temperature and (b) pressure on the cell potential for H-SOEC and O-SOEC
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Figure 4 Effect of overpotential on the cell potential for differnce operating temperature of (a) H-SOEC and
(b) O-SOEC
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Figure 5 Effect of overpotential on the cell potential for differnce operating pressure of (a) H-SOEC and (b) O-
SOEC

Conclusion

In this work, a performance of SOEC for hydrogen production was studied by using the Aspen plus simulator.
In addition, the simulation result of the H-SOEC and the O-SOEC obtained from proposed model was validated with
the experiment data extracted from the literature. It was found that the difference between the simulation result and
experiment data is less than 9%. Then, the effect of important parameters, i.e., temperature and pressure on cell
potential was examined. The simulation results indicated that the higher operating temperature is suitable for O-
SOEC whereas the H-SOEC is better when the operating temperature is lower than 1050 K. The main effect on cell
potential is ohmic overpotential since the conductivity of electrolyte will increase when temperature increases.
Therefore, the selection of material used for SOEC is an important point. On the other hand, the obtained results
confirm that the concentration overpotential has a slight effect on cell potential and thus, it can be neglected to

decrease the computation time. Moreover, the results indicate that the operating pressure has an insignificant on cell
potential.
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