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A solid oxide electrolysis cell (SOEC) is an electrochemical technology used for hydrogen production via a
steam electrolysis reaction. Because the existing SOEC models are complicated, the aim of this study is to
develop a user-friendly SOEC model in a flowsheet simulator (Aspen Plus). The developed model is used
to perform a parametric analysis to investigate the effects of key process parameters, i.e., operating
temperature, current density, steam concentration, sweep gas type and number of cells, on the SOEC
performance. The simulation results show that the voltage and the overall overpotential decrease as the
cell temperature increases, whereas the opposite trends are observed when the current density in-
creases. From the energy and exergy analyses, the total energy demand slightly increases with cell
temperature, whereas the electrical energy demand decreases. Based on an operating temperature of
1273 K when the SOEC uses oxygen as the sweep gas, the highest energy and exergetic efficiencies of
78.45% and 92.20% are achieved at a current density of 2500 A m~2 and at a steam concentration of 90%
in a 500-cell stack.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, fossil fuels (i.e., coal, natural gas, propane, gasoline
and diesel) are not only used as a major source of energy produc-
tion but are also used as a feedstock for many chemical synthesis
processes. An increased energy demand causes an increase in fossil
fuel consumption rate, and as a result, a large amount of green-
house gases, which lead to global warming and public health issues,
are emitted from the combustion unit (Mikulci¢ et al., 2016).
Therefore, the production of energy from clean alternative re-
sources, such as solar, wind and biomass has become an interesting
topic. Although there are several technologies used to produce
electricity from renewable sources, i.e., wind turbines and photo-
voltaic cells; the produced electricity is still inconsistent (Pozzo
et al., 2015).

Hydrogen is regarded as an attractive sustainable energy carrier
due to its eco-friendly and high energy density characteristics
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(Authayanun et al., 2013; Bayat et al., 2014; Valente et al., 2017).
Among several hydrogen production processes, such as steam
reforming, partial oxidation, autothermal reforming and gasifica-
tion (Dutta, 2014; Fan et al., 2016), the steam reforming of natural
gas is widely used; the derived product gas consists of hydrogen,
carbon monoxide and carbon dioxide (Angeli et al., 2014). The
gasification process, which converts carbonaceous substances into
syngas, carbon dioxide, tar and sulfur dioxide via a thermo-
chemical reaction, is also used for hydrogen production (Perna
et al., 2016; Iribarren et al., 2014). Because fossil fuels are used as
the main feedstock for steam reforming and gasification processes,
the emission of greenhouse gases (e.g., carbon dioxide) occurs.
Electrolysis technology, which is a clean technology, used to pro-
duce hydrogen by converting water or steam into hydrogen via
electrochemical reactions, has been introduced and has received
increasing attention (He et al., 2013; Kim et al., 2015).

Electrolysis technology or electrolysis cells, are categorized into
three types, i.e., alkaline electrolysis cells (AECs), proton exchange
membrane electrolysis cells (PEMECs) and solid oxide electrolysis
cells (SOECs). AECs, which were the first fabricated type of
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electrolysis cell, are used to produce hydrogen at low temperature
and pressure. The AEC electrolyte is a potassium hydroxide solution
(KOH), which can corrode the cell electrode. A PEMEC is then
introduced to operate at elevated pressure in the range of
30—60 bar without any additional compression unit. This tech-
nology uses a membrane to separate hydrogen and oxygen;
therefore, high purity hydrogen (>99.99%) is achieved (Sun et al,,
2014). However, the PEMEC requires a significant amount of elec-
tricity to operate, resulting in a high operating cost. The SOEC offers
superior energy conversion efficiency compared with the other
technologies. Because of the high operating temperature of the
SOEC, which ranges from 800 to 1273 K, a special electrode material
is required (Stempien et al., 2013). The SOEC seems to be a prom-
ising technology for hydrogen production due to its superior energy
conversion efficiency; however, it is still in the research and
development phases. Therefore, more studies are required to
improve the SOEC performance from both technical and economic
points of view (Millet and Grigoriev, 2013; Menon et al., 2014).

Currently, studies on SOECs mostly focus on the development of
new electrode and electrolyte materials to reduce the electricity
consumption and extend the cell lifetime. Some experiments were
performed to develop new electrode materials (Mahmood et al.,
2015; Palm et al., 2016). Shao et al. (2013) proposed Ni-YSZ-
supported tubular solid oxide cells (SOCs), which were fabricated
using a dip-coating and co-sintering method. The performances of
the developed tubular SOCs were evaluated both in fuel cell and
electrolysis modes. They found that the cell with a 3% pore-former
exhibited the best performance in both SOFC and SOEC modes.
Zhang et al. (2013) presented a new solar-driven high temperature
steam electrolysis system for hydrogen production. The character-
istics and electrical and thermal energy demands of their proposed
process were investigated. Li et al. (2014) performed the experi-
ment to investigate the hydrogen production efficiency based on
the performance of a planar cathode-supported SOEC with 1-cell,
2-cell and 30-cell electrolysis stacks. The SOECs were tested at an
operating temperature of 1073 K for 500 h. A maximum efficiency
of 52.7% was achieved in the 30-cell stack.

Modeling of SOECs is another approach used in the preliminary
design of the SOEC process. It is also used as a tool to investigate the
influence of the change in operating parameters on the process
performance. Ni et al. (2007) studied the effects of the process
configurations and operating parameters on the SOEC performance.
The suitable configuration was an anode-supported SOEC, and the
optimum process condition was achieved at an operating temper-
ature of 1273 K and at a steam mole fraction of 0.6. Udagawa et al.
(2008) developed a one-dimensional dynamic model of a cathode-
supported planar intermediate temperature SOEC stack with air
flow introduced through the cells. Their developed model was used
to study the steady state behavior of the SOEC and the prospect for
stack temperature control by varying the air flow rate. Currently,
the published SOEC models are complicated, especially when in-
tegrated with other process models. Therefore, the development of
a user-friendly SOEC model is an important topic. To cope with this
issue, a well-developed flowsheet simulation software, such as
Aspen Plus, is selected. The flowsheet simulation software contains
various built-in basic unit operation modules, such as a reactor,
separator and mixer. Moreover, a rigorous thermodynamic and
physical property database coupled with additional computational
tools, such as a mathematical block, optimization scheme and
design specifications, are also included; therefore, the development
of new process model can be more easily accomplished (Zhang
et al., 2005).

Because the SOEC involves an endothermic process that requires
some external energy, an energy analysis should be performed to
design an efficient SOEC system. However, the use of an energy

term to evaluate the benefit of sustainable energy systems may be
insufficient; an exergy analysis, which considers the irreversible
increase in entropy, was therefore introduced to clearly identify the
efficiency improvement and the reduction in thermodynamic loss
of the green technologies (Hajjaji et al., 2012).

The objective of this study is to develop a user-friendly SOEC
model using Aspen Plus. An electrochemical model coded in
FORTRAN language is also included and used to determine the
electrical characteristics of the SOEC. The developed SOEC model is
used to investigate the effects of operating parameters, such as cell
temperature, operating current density, steam concentration,
number of cells and sweep gas type, on the SOEC performance. In
addition, energy and exergy analyses are performed to determine
the operating condition that offers the best performance.

2. Model of solid oxide electrolysis cell

The solid oxide electrolysis cell (SOEC) consists of an electrolyte,
a cathode and an anode, which are normally fabricated from yttria-
stabilized zirconia cermet (YSZ), Ni-yttria-stabilized zirconia
cermet (Ni-YSZ) and lanthanum strontium manganite-YSZ (LSM-
YSZ), respectively (Millet and Grigoriev, 2013). The planar config-
uration of the SOEC is illustrated in Fig. 1. The electrochemical re-
actions involved in the SOEC are summarized in Table 1. The steam
is fed to a porous cathode. When the electricity is supplied, the
steam moves to the cathode-electrolyte interface, and it is reduced
to form pure hydrogen and oxygen ions. The hydrogen gas then
diffuses back up through the cathode, and it is collected at the
cathode surface as hydrogen fuel, while the oxygen ions migrate
through the electrolyte to the anode. At the electrolyte-anode
interface, the oxygen ions are oxidized to form pure oxygen gas,
which is collected at the surface of the anode and displaced by the
supplied sweep gas.

The SOEC model is developed using Aspen Plus, and the model
flowsheet is shown in Fig. 2. Because the SOEC requires both
electrical and thermal energy to carry out the electrochemical re-
actions, the electrical energy (represented by stream POWER) and
the thermal energy (represented by stream QE) are supplied to the
SOEC. The overpotential heat is represented as QOVP, and the heat
required at the anode channel is represented as QA.
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Fig. 1. The planar configuration of the SOEC.
Table 1

Electrochemical reactions that occurred in the SOEC.

Cathode
Anode
Overall reaction

H,0 + 2e~ —H, + 0>~
0% —0.50, + 2e~
H,0—H, + 0.50,
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Fig. 2. SOEC flowsheet simulation (solid lines and dashed lines represent material streams and energy streams, respectively).

The steam (stream 4) is first mixed with hydrogen gas, which is
recycled from the cathode channel (stream 13) to prevent nickel
oxidation on the cathode, prior to being fed to the cathode. The
RSTOIC reactor, represented as CATHODE, is used to simulate the
electrochemical reaction of the steam at a specified reaction tem-
perature. The thermal energy required for the reaction can be
calculated by specifying the utilization factor of this reaction as a
design spec. The product leaving the cathode channel is separated
at the splitter block, which is represented as SPLIT. The splitting
ratio is calculated and varied until the feed specification, which has
a desired steam to hydrogen ratio of 0.1-0.9, is achieved. The
cathode product consisting of hydrogen and oxygen is separated by
an electrolyte, which is simulated using a separator block, referred
to as ELECTROL. The oxygen totally permeates into the anode
channel. The sweep gas (stream 9) is introduced to displace the
oxygen from the anode channel. Moreover, it is used as a heating
medium to convey heat between the cathode and the anode. The
sweep gas is heated to the cathode temperature at a heater block,
referred to as HEATER2, and then it is mixed with oxygen at the
ANODE mixer block before leaving the anode. The thermal energy
required for sweep gas preheating is represented as the stream QA.

The electrical energy required in SOEC is calculated using a
mathematical model, which is coded in a calculator block using
FORTRAN language. The required electrical energy consists of the
equilibrium voltage and the overpotential. The equilibrium voltage,
the minimum electrical energy required to carry out the reaction,
can be calculated from Equations (1) and (2).

1/2
RT. (Pn,P
_ 0 M 2" 0y
E=E +2Fln( Proo ) (1)
E% =1.253 —2.4516-10°4T (2)

where E is the equilibrium voltage (V), E° is the standard potential
(V), R is the universal gas constant (8.3145 ] mol~! K1), Tis the cell
temperature (K), F is Faraday's constant (96,485 C mol~!), and Py,,
Po, and Py,o are the partial pressures of hydrogen, oxygen and
steam (kPa), respectively.

The SOEC overpotential, the electrical energy loss, consists of the
activation, the ohmic and the concentration overpotentials. The
activation overpotential (7,.), which is the energy loss due to the
chemical kinetics of the electrochemical reactions, can be calcu-
lated from Equations (3) and (4), which are derived from the Butler-
Volmer equation.

RT
Nacti = F (3)
E .
Joi = viexp( ) 4)

where J is the current density (A m’z),jovi is the exchange current
density at the cathode (i = ¢) and anode (i=a) (Am™2), v; is the pre-
exponential factor of the cathode and anode (A m~2), and E,; is
the activation energy of the cathode and anode (J mol~! K™ 1).

The ohmic overpotential (7yny,), Which is the loss due to a
resistance within the electrolyte layer, can be calculated from
Equation (5).

10300) (5)

Nohm = 2.99-10°]JL exp (T

where L is the thickness of the electrolyte (m).

The concentration overpotential (7o) is caused by the mass
transfer resistance between the electrode and electrolyte. This
overpotential can be calculated using Equations (6) and (7),
respectively.

RT. [ (Pu, +JRTde/2FDEL, )P0

Nconc,c = ﬁ = (6)
<PH20 _JRTdc/2FDHZO)PH2
_RT, V/(Po,)? + (RTud, /2FBy)

Nconc,a = E n PO (7)

where d. and d, are the thicknesses of the cathode and anode (m),
respectively, DEfl ) is the effective diffusion coefficient of steam (m?
s~1), u is the dynamic viscosity of oxygen (kg m~! s~1), and Bg is the
flow permeability (m?).

The cathode concentration overpotential involves the reactant
diffusion at the cathode. There are several diffusion models, i.e.,
Fick's model, the Duty gas model and the Stefan-Maxwell model.
Because Fick's model is a non-complicated model and it can
effectively describe gas transport, it is used in this study (Equation
(8)) (Ni et al., 2006).
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1 3 1 1
== + (8)
Diffy, n <DH2H20 DHZO,k>
The Knudsen diffusion (Dy,ox) and the molecular diffusion

(Dy,_n,0) coefficients (m? s~1) can be calculated from Equations
(9—14):

4 8RT
Dy,ox = §r\/7rMH 5 (9)
2

D 0 00133( 1 LI R e (10)
H,-H,0 = U. + )
2—Ha MH2 MHzO PU%;—HZO‘QD
OH, + 0
OH,—H,0 = w (11)
o, _ 106036 0.193 L 103587
D= (101561 " exp(0.47635T")  exp(1.52996T")
1.76474

t exp(3.89411T") (12)

T* = # (]3)
SHZ—HZO/K
€H,—H,0 _ [£H, £H,0 (14)
K K K

where £ is the electrode tortuosity (—), n is the electrode porosity
(=), r is the average electrode pore radius (m), My,o and My, are
the molar masses of steam and hydrogen (g mol 1), respectively, P
is the operating pressure (kPa), oy,0 and oy, are the collision di-
ameters of steam and hydrogen (m), Qp is the dimensionless
diffusion collision integral, T* is the dimensionless temperature,
and 22° and 22 are the Lennard-Jones potentials of steam and
hydrogen (K), respectively (Reid et al., 1987).

The permeability and dynamic viscosity used to calculate the
anode concentration overpotential are derived from Equations (15)
- (17) (Todd and Young, 2002).

n’ S(2r)? (15)

Be =0z )

u=—1.692 +889.757 — 892.7972 + 905.987> — 598.367%
+221.647° — 34.7575
(16)

T
~ 1000

The cell potential of the SOEC is the sum of the equilibrium
voltage (E) and all of the overpotentials as shown in Equation (18).
The electrical current, a theoretical electrical current based on a
specified utilization factor (Us), can be calculated from Equation
(19). It is noted that the utilization factor is defined as a ratio of the
molar flow rate of steam used to produce hydrogen to that of the
steam feed. The electrical current and cell area are used to calculate
the current density from Equation (20). Normally, the current
density is controlled in the range of 1000—3000 A m 2 to prevent
SOEC electrode deterioration. The electrical power required for the
SOEC operation is determined from Equation (21).

(17)

V=E+ Ncone,c T Neonc,a + Mact,c T Nact.a + Mohm (18)
= neUfF NH20A (19)
Ncell
I
-1 (20)
W = [VNggy (21)

where V is the cell voltage (V), Uris the utilization factor (), NHZO is
the molar flow rate of the steam feed (mol s 1), A is the cell area
(m?), I is the electrical current (A), W is the power (W), and Neg is
the number of cells within the SOEC.

The energy efficiency of the SOEC is calculated from Equation
(22). The overpotential heat, which is related to the overall over-
potential, the current density and the cell area, can be determined
from Equation (23),

Ny, oucllHV

Nen = W+Qovp (22)

Qovp = <"7conc«,c + Nconc,a + Mact,c T Nacta + nohm>JANcell (23)

where NHZ,Out is the molar flow rate of the hydrogen product (mol
s~1), LHV is the lower heating value (] mol™!), and Qovp is the
overpotential heat (W).

The total energy required for the SOEC operation (Qr) consists of
electrical and thermal energy. As the supplied electrical energy
decreases, the supplied thermal energy should be increased to
maintain the overall energy consumption. The net thermal energy
required for SOEC operation can be calculated from Equation (24).
The energy balance of the SOEC is shown in Equation (25). When
the heat loss is considered to be negligible, the energy balance
equation is therefore derived to be Equation (26).

QT:Qr—Qovp—stg—QE (24)
QT - Qloss + Welec =0 (25)
QT + Welec =0 (26)

where Qr is the heat required for the reaction (W), Qswg is the
sweep gas heat (W), Qg is the external heat (W), Q) is the energy
loss (W), and We is the SOEC electrical power (W).

The developed SOEC model is first validated with the experi-
mental data reported by Momma et al. (1997) who investigated the
J-V characteristics of hydrogen production by electrolyte-supported
planar SOSE discs. The electrolyte, cathode, and anode are made
from yttria-stabilized zirconia (YSZ), nickel-YSZ (Ni—YSZ) and a
mixture of YSZ and strontium-doped lanthanum (LSM-YSZ),
respectively. The thickness of the electrolyte, anode, and cathode
are 1000, 100 and 100 pum, respectively. The SOEC is operated at a
constant pressure of 100 kPa, steam mole fraction of 0.6 and
operating temperature ranging from 1173 to 1273 K. The model
input parameters are summarized in Table 2. A comparison of the
flowsheet-based model predictions and experimental results of the
SOEC is summarized in Table 3. The predicted cell voltages at
different operating temperatures and current densities are in good
agreement with the experimental results with the relative error
ranging from 0 to 12.31%.
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Table 2
Input parameters and operating conditions.
Operating temperature, T (K) 1273
Operating pressure, P (kPa) 506.5
Steam concentration (%) 90
Pre-exponential factor for anode 2.051-10°
exchange current density, v, (A m~2)
Pre-exponential factor for cathode 1.344-10'°
exchange current density, y. (A m~2)
Activation energy for the anode, Eqcq (J mol~!) 1.2-10°
Activation energy for the cathode, Egec (J mol™") 1.0-10°
Current density, J (A m™2) 2500
Electrode porosity, n 0.4
Electrode tortuosity, & 5.0
Average pore radius, r (um) 0.5
Cell area, A (m?) 0.04
Number of cells, Ny (cell) 500
Sweep gas type Oxygen
Anode support
Electrolyte thickness, L (um) 50
Cathode thickness, d. (um) 50
Anode thickness, d, (um) 500

3. Exergy analysis

Exergy is defined as the maximum amount of work that can be
produced by a stream of matter, heat or work of the system as it
comes to equilibrium with a reference environment (a reference
state is represented by temperature Ty and pressure Pg) (Dincer and
Rosen, 2012). Unlike energy, exergy is not subject to the conser-
vation law (except for ideal processes). Exergy is consumed or
destroyed due to non-idealities or irreversibilities in any real pro-
cesses. The present study assumes that the SOEC is operated under
steady state and isothermal conditions; therefore, the exergy
destruction, which is recognized as an important parameter indi-
cating the efficiency of an energy process, is calculated from the
exergy balance (Equation (27)).

nQ np nr X X
> Exqj+ > njex; — > njex;+ Exw — Exq =0 (27)
= = =

where ExQ is the exergy of thermal energy (W), 1 is the molar flow
rate (mol s~ 1), ex is the specific exergies (] mol~1), Ex,, is the exergy
of work (W), Exd is the exergy destruction (W), and nQ, np and nr
represent the number of heat streams, inlet streams, and outlet
streams, respectively.

The relation between the exergy of thermal energy, which
represents the quality of thermal energy, and the heat required for
the system at a given temperature is shown in Equation (28)
(Gundersen, 2009).

Exq — ( —%)Q (28)

Table 3

Comparison between the flowsheet-based model predictions and experimental results.

Table 4
Standard molar chemical exergy of selected substances at the refer-
ence state (Tp = 298.15 K, Py = 101.325 kPa) (Szargut et al., 1988).

Substance Chemical exergy (k] mol~')
H, 236.09
H,0 (1) 0.90
H,0 (g) 9.50
0, 3.97
CH4 831.20
CO, 19.48
Cco 27471
N2 0.72
0.06 1.05
0.05 1 1.00
)
=
—_ <
2004 | 1095 &2
= = o
k= S ¥
So003 | {090 ¢ =
= E5
5 £z
z 002 | 1085 =8
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0.00 0.75
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Cell temperature (K)
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—&—ncon,a -=<--E - —+ - Voltage

Fig. 3. Effect of operating temperature on the equilibrium voltage and overpotentials.
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Fig. 4. Effect of operating temperature on the energy demand.

Current density (A m~2) Cell voltage at selected operating temperature (V)

1173 K 1223 K 1273 K
Exp. model Relative Error (%) Exp. model Relative Error (%) Exp. model Relative Error (%)
0 0.89 0.88 1.12 0.88 0.88 0.00 0.88 0.88 0.00
1000 1.15 1.121 2.52 1.194 1.047 12.31 0.98 0.994 1.43
2000 1.45 1.328 8.41 1.27 1.194 5.98 1.11 1.102 0.72
3000 1.65 1.534 7.03 145 1.339 7.66 1.23 1.208 1.79
4000 1.79 1.79 0.00 1.57 1.484 5.48 1.35 1.313 2.74
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where Ty is the reference temperature (K), and Q is the heat
required for the system (W).

The specific exergy, which is a sum of the specific physical and
chemical exergies, can be calculated from Equation (29)
(Ghannadzadeh et al., 2012).

ex = eXpp + eXcp (29)

where exp, is the specific physical exergy (J mol~1), and exg, is the
specific chemical exergy (] mol~1).

The specific physical exergy (Equation (30)) is the maximum
useful work obtained by passing the unit of mass of a substance of
the considered state (T, P) to the environmental state (T, Po).

exph = (h —ho) — To(s — So) (30)

where h and hg are the enthalpies at the considered and reference
environmental states (] mol~1!), respectively, and s and sq are the

84.0 6.0
83.0 | {150 &
- 2
S =
S 0} {40 E
Z> =
= 2
= S
S 810 | {30 2
g 5
e 2z
B 800 | 120 <
S =)
79.0 | 1.0 =
78.0 ‘ ‘ ‘ ‘ ‘ 0.0

1023 1073 1123 1173 1223 1273 1323
Cell temperature (K)
—— Efficiency - - Qovp

Fig. 5. Effect of the operating temperature on the energy efficiency and overpotential
heat.

entropies at the considered and reference environmental states (]
mol~! K1), respectively.

The specific chemical exergy (Equation (31)) is the maximum
useful energy obtained by passing from the environmental state to
the dead state via chemical processes with reactants and products
at the environmental temperature and pressure. The standard
molar chemical exergies of selected substances at the reference
state (Tp = 298.15 K, Py = 101.325 kPa) are summarized in Table 4
(Szargut et al., 1988).

eXch = »_YieXenjo + RTo Y _yiIny; (31)

where y; is the content of component i, and ex, o is the standard
chemical exergy of component i (] mol™1).

The exergy of work (Equation (32)) is the work done by the
system, e.g., electrical and mechanical works, excluding the work
due to the volume change.

Exw =W (32)

where W is the shaft work (W).

In the analysis, the exergetic efficiency, which is defined based
on the inlet exergy (Ex;,) and the exergy destruction (Exq), can be
calculated from Equation (33).

Ex
x:‘l_id

- 33
EXin ( )

Ne

where 7 is the exergetic efficiency (—).

The exergy analysis provides the exergy destruction of each unit
in the considered process with its magnitude indicating the in-
efficiency of energy utilization. The irreversibility is equivalent to
the exergy destruction, and the value of the exergy destruction
term is always positive in the real process due to the entropy
generation.
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Fig. 6. Effect of the current density on the equilibrium voltage and overpotentials.
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potential heat, electrical power and external heat of the SOEC.

4. Results and discussion
4.1. Performance of solid oxide electrolysis cell

4.1.1. Effect of operating temperature

The effects of the operating temperature on the equilibrium
voltage, overpotential, energy demand, energy efficiency and
overpotential heat are investigated by varying the operating tem-
perature in the range of 1073—1273 K. The variations in equilibrium
voltage and individual overpotential are shown in Fig. 3.

When the electrochemical reaction rate and oxygen ion con-
ductivity of the electrolyte increase when the operating tempera-
ture increases, a decrease in the activation overpotential is
observed. The ohmic overpotential, the resistance of ionic con-
ductivity in the electrolyte layer, dominates the cell potential. The
ohmic overpotential decreases with the cell temperature due to
significant increases in oxygen ion conductivity. Inversely, the
concentration overpotential increases with temperature due to the
increased steam effective diffusion coefficient, which indicates an

increase in molar diffusion rate. As a result, the mass transfer
resistance between the electrode and electrolyte increases.

The value of ohmic overpotential is much higher than that of the
other overpotentials; therefore, the effect of operating temperature
on the overall potential shows the same trend as that of the ohmic
overpotential. Regarding the energy demand, the total energy de-
mand slightly increases with the cell temperature, whereas the
electrical energy demand decreases due to the increase in thermal
energy demand (Fig. 4). This result is consistent with the previous
study of Balta et al. (2016). Moreover, the energy efficiency of the
SOEC slightly decreases due to the decrease in overpotential heat
and electrical energy (Fig. 5).

4.12. Effect of current density

The current density is another parameter that affects the SOEC
performance. The effect of current density on the SOEC perfor-
mance is investigated by varying the current density in the range of
500—2500 A m 2 at a constant temperature of 1273 K. It is deter-
mined that all overpotentials increase with current density, as
shown in Fig. 6. The cathode concentration overpotential shows the
highest value; therefore, it dominates the cell overpotential. As
shown in Fig. 6, the equilibrium voltage does not depend on the
current density as shown in the Nernst equation (Equation (1)). The
increase in cell voltage as the current density increases indicates
that more electrical energy is required for the SOEC. As the overall
overpotential increases with current density, the overpotential heat
shows the same trend. Moreover, the utilization factor also in-
creases with current density due to an increase in hydrogen pro-
duction rate and SOEC energy efficiency (Fig. 7). Because the
current density related to the supplied electrical energy, the se-
lection of operating current density should consider the cost of
electrical energy and the number of cells required to produce the
desired amount of hydrogen product. For the SOEC with oxygen
sweep gas operated at 1273 K, a maximum energy efficiency of
78.4215% is found when the current density is maintained at 2500 A
m -,

4.1.3. Effect of steam concentration
The effects of the steam concentration, which is the percentage
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Fig. 8. Effect of steam concentration on the equilibrium voltage, overpotentials and cell voltage.
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Fig. 10. Effect of the sweep gas type on the equilibrium voltage and overpotential.

of steam in the feed stream of SOEC, on the equilibrium voltage,
overpotentials and cell voltage are also investigated by setting the
cell temperature and current density at 1273 K and 2500 A m~2,
respectively. The steam concentration is then varied in the range of
50—-90%. Fig. 8 shows that the equilibrium voltage decreases when
the steam concentration increases due to an increase in steam
partial pressure. The finding can be explained by the Nernst
equation (Equation (1)). This result also shows the same trend as
that found in the reported literature (Ni et al., 2006). The increase in
steam concentration only affects the cathode concentration over-
potential. The cathode concentration overpotential increases when
the concentration of steam increases due to an increase in the
molar diffusion rate in the cathode channel, resulting in an increase
in the mass transfer resistance within the cathode. However, the
increasing rate of cathode concentration is lower than the
decreasing rate of the equilibrium voltage. Therefore, the increase
in steam concentration causes the cell voltage and electrical energy
to decrease, as shown in Fig. 8. To balance the energy consumption
in the SOEC, more external thermal energy is required when the
electrical energy decreases (Fig. 9). In this study, the steam con-
centration is adjusted by varying the recycle fraction of the product
leaving the cathode, which contains hydrogen and unconverted
steam. Moreover, the utilization factor increases as the steam
concentration increases; however, the amount of produced
hydrogen remained constant due to the lower amount of steam
entering the cathode. A high steam concentration offers a high
energy efficiency for the SOEC due to the decrease in electrical
energy demand. As a result, a low operating cost is also achieved
under these conditions.

4.1.4. Effect of sweep gas type

A sweep gas is used to displace or sweep the accumulated ox-
ygen at the anode channel. The effect of the sweep gas type on the
SOEC performance is investigated in this study. Due to the abun-
dance and inexpensiveness, oxygen, air and steam are used as the
sweep gases. The variations in the equilibrium voltage and over-
potentials with the type of sweep gas are shown in Fig. 10. Because
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Fig. 11. Effect of the sweep gas type on the energy efficiency, utilization factor and overpotential heat.
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Fig. 12. Effect of the sweep gas type on the total energy, electrical power and external
heat of the SOEC.

the equilibrium voltage depends on the partial pressure of oxygen,
the highest equilibrium voltage is achieved when oxygen is used as
the sweep gas. The use of air or steam as a sweep gas causes the
oxygen partial pressure to decrease due to a Ny dilution effect,
resulting in a decrease in the equilibrium voltage. Inversely, the
lowest overpotential is achieved when oxygen is used; as a result,
the lowest overpotential heat is observed, and the highest energy
efficiency is achieved (Fig. 11). Comparing with oxygen and steam,
the use of air as a sweep gas offers the highest energy efficiency
(Fig. 11). However, a dilution of pure oxygen produced with nitro-
gen is found. The variations in total energy, electrical and thermal
energy demand are also investigated. As shown from Fig. 12, the
lowest amount of thermal and electrical energy demand is ach-
ieved when steam is used as the sweep gas. The produced oxygen
could be easily separated from the SOEC outlet stream, which
contains oxygen and steam, by decreasing the temperature until
the steam is totally condensed.

4.1.5. Effect of the number of cells

The effect of the number of cells on the SOEC performance is
investigated by varying the number of cells in the range of
100—-500. Fig. 13 shows that an increase in the number of cells do
not significantly affect the overpotential heat. However, the amount
of required electrical energy increases when the number of cells
increases. The utilization factor increases when the number of cells
increases due to the increase in the electrochemical reaction rate.
Therefore, more external heat is required to carry out the reaction.
Moreover, an increase of energy efficiency with the number of cells
is also found; this result shows the same trend as that found in the
reported literature (Li et al., 2014). However, to determine the op-
timum number of cells offering the highest SOEC performance, an
economic evaluation should be further performed. For the SOEC
with the oxygen sweep gas operated at 1273 K, a maximum energy
efficiency of 78.45% is achieved in the 500-cell stack.

4.2. Exergetic performance of solid oxide electrolysis cell

4.2.1. Effect of operating temperature and current density

The effects of the operating temperature and current density on
the exergy destruction and exergetic efficiency are investigated. At
a constant steam concentration of 90% and with the number of cells
at 500, the operating temperature and current density are varied in
the range of 1073—1273 K and at 2000—2500 A m ™2, respectively.
Fig. 14 shows that the exergy destruction increases with the oper-
ating temperature, whereas the exergetic efficiency decreases due
to the increase in irreversibility. This implies that the energy utili-
zation of a SOEC operating at a high temperature is not efficient.
The effect of current density on the exergy destruction and exer-
getic efficiency exhibits the opposite trend as the operating tem-
perature. A low exergy destruction and high exergetic efficiency can
be achieved at a high operating current density and a low cell
temperature.

4.2.2. Effect of the number of cells and steam concentration

The effects of the number of cells and the steam concentration
on the exergy destruction and exergetic efficiency are also inves-
tigated by setting the operating temperature at 1273 K. The number
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Fig. 13. Effect of the number of cells on the energy efficiency, utilization factor, overpotential heat, electrical power and external heat of the SOEC.
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of cells and the steam concentration are varied in the range of factor decreases, resulting in a decrease in hydrogen production
200—-500 and 80—90%, respectively. As shown in Fig. 15, the exergy rate. Moreover, the increase in steam concentration causes the
destruction decreases as the number of cells increases. As the equilibrium voltage and the electrical energy demand to decrease.
hydrogen production rate increases when the number of cells in- As a result, a decrease in exergy destruction and an increase in
creases, a decrease in the exergy destruction and an increase in the exergetic efficiency are observed.

exergetic efficiency can be observed. The same effect is found when

the steam concentration is considered as a key parameter. As the 4.2.3. Effect of the sweep gas type

concentration of steam in the feed increases, the concentration of The effects of the sweep gas type on the exergy destruction and
steam in the recycled stream also increases, whereas the utilization exergetic efficiency are presented in this study. Oxygen, air and
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Fig. 15. Effect of the number of cells and steam concentration on the exergy destruction and exergetic efficiency.
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steam are the considered sweep gases. Fig. 16 shows that the use of
steam causes a decrease in the cell potential; therefore, the lowest
exergy destruction is achieved. The highest exergy destruction is
found when oxygen is used. Regarding the exergetic efficiency, as
shown in Fig. 16, the exergetic efficiency of the SOEC system using
different types of sweep gas exhibits the opposite trend as the
exergy destruction.

Most of the energy and exergetic efficiencies derived from this
study (ranging from 87 to 93%) are slightly higher than those (en-
ergy and exergetic efficiencies of 87% and 88%, respectively) re-
ported by Balta et al. (2016) due to the use of a higher steam
concentration and higher operating temperature. However, these
values are very consistent with the practical efficiencies reported in
the previous work. Based on a SOEC operating temperature of
1273 K, the highest energy and exergetic efficiencies of 78.45% and
92.20% are achieved at a current density of 2500 A m~2, a steam
concentration of 90% and with the number of cells at 500 when
oxygen is used as the sweep gas.

5. Conclusions

A user-friendly model of an anode support planar SOEC was
established using Aspen Plus. The developed flowsheet-based
model shows a good prediction performance at high temperature
compared with the reported mathematical model. The effects of
changes in the operating parameters on the SOEC performance
were investigated. The results indicate that the voltage and overall
overpotential decrease with an increase in cell temperature due to a
decrease in ohmic and activation overpotentials, which play an
important role in the overall overpotential. The concentration
overpotential is relatively negligible at low temperatures. The SOEC
feed with high steam concentration is preferred due to the reduc-
tion in equilibrium voltage and the enhancement of gas transport.
In addition, steam was found to be the most suitable sweep gas
compared with air and oxygen. The exergy analysis showed that a
high exergetic efficiency for the SOEC can be achieved at a low
operating temperature, high current density, high steam

concentration and with many cells. Based on the operating tem-
perature of 1273 K of the SOEC and using oxygen as the sweep gas,
the highest energy and exergetic efficiencies of 78.45% and 92.20%
were achieved at a current density of 2500 A m~2, a steam con-
centration of 90% and with the number of cells at 500. Thus,
hydrogen production using a SOEC is a promising technology due to
the high energy and exergetic efficiencies. However, further
detailed investigations are required to justify the possible methods
for sustainable hydrogen production to maintain a greener energy
generation and utilization.
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Nomenclature
A cell area (m?)
By flow permeability (m?)

Dy,_n,0 molecular diffusion coefficient (m?s™ 1)
Dgffy  effective diffusion coefficient of steam (m? s~')

Dy,ox Knudsen diffusion coefficient (m* s~1)

d, thickness of the anode (m)

de thickness of the cathode (m)

E equilibrium cell voltage (V)

E° standard potential (V)

Eqcti activation energy of the cathode (i = c) and anode (i=a) (J
mol~1 K1)

Exq exergy destruction (W)

Exiy exergy of inlet stream (] mol™')

Exq exergy of thermal energy (W)
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Exw exergy of work (W)

exch specific chemical exergy (J mol™!)

eXsjo  standard chemical exergy of component i (] mol 1)
ex specific exergies (] mol™!)

eXph specific physical exergy (] mol™")

F Faraday's constant (C mol~1)

h and hg enthalpies at the considered and reference environmental
states (J mol™1)

I electrical current (A)

] current density (A m~2)

Joi exchange current density at the cathode (i = c) and anode
(i=a)(Am™?)

L thickness of the electrolyte (m)

LHV lower heating value (] mol™1)

My, molar mass of hydrogen (g mol~1)

My,o molar mass of steam (g mol~1)

Neell number of cells ()

Nszout molar flow rate of the hydrogen product (mol s~ 1)
Ny,0 molar flow rate of the steam feed (mol s~ 1)
n electrode porosity (—)

Ne number of electron (—)

i molar flow rate (mol s~ 1)

np number of inlet streams (—)

nQ number of heat streams (—)

nr number of outlet streams (—)

P operating pressure (kPa)

P partial pressures of component i (kPa)

Q heat required for the system (W)

Qe external heat (W)

Qioss energy loss (W)
Qovp overpotential heat (W)

Qr heat required for the reaction (W)

Qswg sweep gas heat (W)

Qr total energy required for the SOEC operation (W)
R universal gas constant (J mol~! K1)

r average electrode pore radius (m)

s and sg entropies at the considered and reference environmental
states (J mol~! K1)

T cell temperature (K)

T dimensionless temperature (—)
To reference temperature (K)

Us utilization factor ()

Vv cell voltage (V)

w power (W)

174 shaft work (W)

Welec SOEC electrical power (W)

Yj content of component j (—)
Greek symbols

8“720 and 8% Lennard-Jones potentials of steam and hydrogen (K)

Nacta> Nactc Activation overpotentials of the anode and cathode (V)
Neoncas Meonc,e CONcentration overpotentials of the anode and
cathode (V)

Nen energy efficiency (—)

Nex exergetic efficiency (—)

Nohm ohmic overpotential (V)

¥i pre-exponential factor of the cathode (i = c¢) and anode
(i=a)(Am™?)

u dynamic viscosity (kg m~! s 1)

Qp dimensionless diffusion collision integral (—)

0H,0 and oy, collision diameters of steam and hydrogen (m)
¢ electrode tortuosity (—)
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