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ARTICLE

Simple Electrolyzer Model Development
for High-Temperature Electrolysis System Analysis
Using Solid Oxide Electrolysis Cell
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2Idaho National Laboratory, 2525 N. Fremont Ave., Idaho Falls, ID 83415, USA
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An electrolyzer model for the analysis of a hydrogen production system using a solid oxide electrolysis
cell has been developed, and the effects of principal parameters have been estimated via sensitivity studies
based on the developed model. The main parameters considered were current density, area-specific
resistance, temperature, pressure, molar fraction, and flow rates in the inlet and outlet. A simple model
is also estimated for a high-temperature hydrogen production system that integrates the solid oxide

electrolysis cell with a very high temperature reactor.

KEYWORDS: high-temperature electrolysis system (HTES), solid oxide electrolysis cell (SOEC),
hydrogen production, nuclear hydrogen, electrolyzer, very high temperature reactor (VHTR)

1. Introduction

Due to uncertainties in the future of fossil energy supplies,
including coal and natural gas, interest in renewable energy
is gradually increasing worldwide. Hydrogen energy is an
emerging source that provides future energy. Various meth-
ods are currently used to produce hydrogen, but high-tem-
perature electrolysis (HTE), sulfur iodine (SI), and hybrid
sulfur’? processes are considered the most promising can-
didates for producing large quantities. Especially notewor-
thy, high-temperature electrolysis, which operates at over
800°C, can produce hydrogen efficiently and effectively,
providing synergistic effects with current solid oxide fuel
cell (SOFC) technology.”

The KEPCO Research Institute (KEPRI) began imple-
menting a nuclear hydrogen project using HTE in 2008,
and constructed a small lab-scale high-temperature electrol-
ysis system (HTES) in the end of 2009. Before the system
was completed, we needed information on cell behavior
during the electrolysis reaction with various considerations
and preliminary analysis for high-temperature electrolysis
system configuration. Firstly, in the course of this study,
we implemented an electrolyzer model development and
parametric study using the HYSYS process analysis code,
which is maintained by Aspen Technology® and generally
used for process simulation of chemical plants and oil
refineries. Previous researchers have tried to develop an HTE
model using process analysis codes.>™ McKeller et al.
(2007) developed an electrolyzer model with the UniSim
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process analysis code, a variation of the HYSYS code.® Oh
et al. (2007) estimated a very high temperature gas-cooled
reactor coupled with the high-temperature electrolysis proc-
ess by using the HYSYS code.”> When Oh et al. (2007)
developed the electrolyzer model, he used a triple integral
method to calculate the average Viemg, but for the electro-
lyzer model introduced in this paper, the trapezoidal rule
method was applied to calculate the average Viers-

II. An Electrolyzer Model for High-Temperature
Electrolysis System

1. Thermodynamics

The HTES is based on the solid oxide electrolysis cell
(SOEC), a reversible reaction involving a solid oxide fuel
cell (SOFC). The reactions in the SOEC can be written as
follows:

Cathode: H,0(g) + 2e~ — Hy(g) + 0>, (1)
Anode: 0 — 1/20,(g) + 2¢e7, 2)
Total: H,0(g) — Ha(g) + 1/20,(g). 3)

The SOEC is generally operated at high temperatures
ranging from 750 to 1000°C. Because of the high temper-
ature, H,O exists in the system as a gas. The following
summarizes the basic thermodynamic equations and models
used in the HTE.

Required total energy (AH) for high-temperature electrol-
ysis of the steam can be expressed as a function of Gibbs free
energy (AG) and heat energy (T AS) as follows:

AH = AG+TAS “4)
(Total Energy) = (Electrical Energy) + (Heat Energy).
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Table 1 Thermodynamic data for HTES at 1 atm and 298.15K

Substance AH° AG° S° Heat capacity, Cp°
(state) (kJ/mol) (kJ/mol) (kJ/mol-K) (J/mol-K)
28.8410
10)
(Pizs) 0'o1D 001D 8'13(])“) 27.28 + 0.00326T + 5000/ T2'?
& ’ (29.07 — 0.836) x 1073T 4-20.1 x 10~'7219
(073 010,11 010.1D) 0.2051D 29.96 + 0.00418773" - 167000/T2172)7 .
(gas) (25.72 4 12.98) x 107°T — 38.6 x 107/T~"-
00 75.3510
i Zuid) 237.210 285.810 0.0699') 75.4412)
d 75.30'3
0,0 33.60'0
(gils) 228.6'0 241.819 0.1888!D 30.00 + 0.010717 + 33000/7%®
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Fig. 1 Total energy demand for hydrogen production

Table 1 shows the standard thermodynamic parameters
for HTES at 1atm and 298.15K.'%'3 Shin er al.'? and
Mingyi et al.'¥ showed other equations of heat capacity
varying as a function of temperature.

Energy demand for HTES is shown in Fig. 1. AH repre-
sents total energy demand, AG stands for electrical energy
demand, and TAS symbolizes heat energy demand. The
minimum electrical energy for electrolysis at 850°C is
about 25% less than for electrolysis at room temperature.'¥
Also, if the TAS could be provided from thermal energy
such as a nuclear heat source, high-temperature electrolysis
would theoretically be more efficient.'!” With increasing
temperature, the required electrical energy is reduced be-
cause of the increase in heat energy (Fig. 1). Heat energy
sources for massive hydrogen production can be found in
geothermal energy, industrial waste heat energy, and nuclear
energy.

2. Electrolyzer Model
This section describes the electrolyzer model developed
in this study using the HYSYS process analysis code. Since

the HYSYS code does not include the electrolyzer model, an
electrolyzer model for HTES analysis was newly developed
using other basic system components. Figure 2 shows the
process flow diagram of the electrolyzer model. The electro-
lyzer model includes one conversion reactor for electrolysis
reaction, one component splitter for the separation of H;
(cathode electrode) and O, (anode electrode) flows, many
material streams for each material flow, two energy streams
for electrical and heat energy, and four SET logical opera-
tions for matching temperatures or pressures (Fig. 2). The
conversion reactor used a stoichiometry equation to illustrate
the splitting of water (status of liquid or steam) and the flow
amounts of each product after reaction were determined
using the conversion percent. The HYSYS program is used
to calculate the heat energy for reaction within a conversion
reactor (isothermal electrolysis in Fig. 2) and component
splitter (electrode separation in Fig. 2). Gibbs free energy,
average Viemse potential, Ve (or V) potential, electrical
power energy, and process heat energy are calculated by
spreadsheet calculations within the HYSYS program.

Chemical balance of the electrolysis reaction can be
written as H,O(g) — Ha(g) + 1/20,(g) from Eq. (3). Gibbs
free energy in the above reaction is a function of temperature
and pressure and can be written as®

1
AG(T,P) = AG¢(T,P)+R-T- ln[(m)}, (5)
H,0
where
f: molar fraction of a species,
R: gas constant (8.314 J/mol-K),
T: temperature (K).
AG¢(T, P) is the Gibbs free energy for the products at
temperature and pressure minus that for the reactants; that
is,

AGHT, P) = Gen,(T, P) + 1/2G10,(T, P) — Gru,o(T, P).
(6)
AG¢(T, P) is written in terms of AG¢°(T,P) = G¢(T, Pstp),
where Pstp = 0.101 MPa. The change in Gibbs free energy

is equal to the electrical voltage potential required for elec-
trolysis, as in
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fifo,? Pstp

where Pstp = 0.101 MPa and P is the cell (or stack) pres-
sure and F is the Faraday constant (96,485 Coulomb/mole).
Since the Vyems varies in the electrolyzer depending on the
temperature, pressure, and species concentrations, an aver-
age Viemst potential has been estimated in the HYSYS
spreadsheet. The whole channels were divided into several
subregions with the same intervals and numerically averaged.

During the electrolysis reaction, the molar flow and Vg
potential of H,O (or H;) was changed in the channel, as
shown in Fig. 3. When the H,O molar fraction is lower than
10% (or the H, molar fraction is higher than 10%), the slope
of Vyemst potential rapidly increases (a or b in Fig. 3). There-
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Fig. 4 Convergence of average Viemy potential (MATLAB)

fore, when the H,O molar fraction is between 0 and 10%,
division into more steps is necessary, and careful calcula-
tions of average Viems potential must be performed.

To reduce more round-off errors for the average Viems
calculation in the electrolyzer model, the trapezoidal rule
was finally applied to the Vyems integration as

Average Viernst

1
= % (Vnemsto + 2- Vnemst1 + 2- Vnernslz + -

+ 2 : Vnemst,,_] + Vnemst,,), (8)
where
n: number of division steps (in the cell).

If the molar fraction of H,O or H, exists between 10 and
90%, the average Vipemst potential can be calculated as the
Viemst potential at each divided spot under 20 steps as shown
in Fig. 4. Therefore, developed electrolyzer models can be
used to predict the average Vyemst potential between 10 and
90% of the molar fraction.
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Table 2 Reference conditions for parametric study

Area-specific

Inlet flow Sweep gas Temperature Pressure E;::T:;t resistance
) (ASR)
1 gmole/s 0.5 gmole/s
H,0: 90% Ny: 21% (18(())22(1; 103i3athnl;Pa 0.25 A/cm? 0.25 Q-cm?
Hy: 10% O,: 79%
= ©
Process
Heat SET-4
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Electrolysis | =
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Fig. 5 Process flow diagram for initial condition (HYSYS)

Following calculation of the average Vyems potential, Vo,
or V¢ potential, electrical work energy, and process heat
energy can be calculated. V,, is written as

Vop = average Viemst + i - ASR, 9
where
i: current density (A/cm?),
ASR: area-specific resistance (Q2-cm?).
The electrical work done in the cell is
Wg=Vop - I =Vy-i-A, (10)

where
I: current (Amperes),
A: area of cell (or stack) (cm?).

The electrical work is used as the input value of the
electrolysis power (within the process flow diagram at the
electrolyzer model). An energy balance at the electrolyzer
model is written as

> ripiHpi(Ty, P) = Y s iHr.i(Tr, P) + Otea + W,

(1)

where
n: species molar flow rate (kgmole/s),
H: Enthalpy per mole (kJ/kgmole),

Onear: transferred heat energy from outside to the electro-
lyzer (kW),
transferred electrical energy from outside to the elec-
trolyzer (kW),

T: temperature (°C),

P: pressure (kPa).

The subscript R was used for reactants and P for products.
From Eq. (10), we give the required heat energy (Qpeat) in
the electrolyzer model as it is calculated using the HYSYS
spreadsheet.

OHeat
= [nm,0Hn,0(T, P) + iy, Hu, (T, P) + 110,Ho,(T, P)]outet
— [nm,0Hn,0(T, P) + ng,Hy, (T, P) + no,Ho, (T, P)liglet
— Wgl (12)

WEI .

Both the sum of internal energy and the sum of external
energy are the same and balanced by spreadsheet calculation
within the HYSYS code automatically.

3. Parametric Study on the Electrolyzer Model
Parametric studies were preformed on the developed elec-
trolyzer model in order to understand its characteristics.
Table 2 summarizes the reference conditions for the based
case assumed in this analysis. This condition was applied as

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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input to the developed electrolyzer model as shown in
Fig. 5. The parameters taken into consideration for the
parametric studies were (1) temperature, (2) current density,
(3) area-specific resistance (ASR), (4) molar or mass flow
rate in the inlet side, and (5) molar or mass fraction of each
species in the inlet side. These parameters are briefly dis-
cussed below.
(1) Effects of Current Density, Temperature and ASR on the
Cell Potential

The cell potential increases with the increase in current
density, as shown in Fig. 6, and decreases as temperature
increases, as shown in Fig. 7. Cell potential is a function of
temperature, current density, and area-specific resistance, as
shown in Eq. (8). When the value of current density is O
(zero), the cell potential is determined using average Vpemst-

In the electrochemical reaction, ASR is a function of
temperature and varies based on experimental conditions
and the material of the cell (or stack). Therefore, if the
temperature at the same current density varies, the cell
potential is also different. The cell potential rapidly increases
with ASR under the same current density conditions, as

VOL. 47,NO. 7, JULY 2010
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shown in Fig. 8. For a more detailed simulation, ASR
should be changed as an estimated value from the HTE
experiment. ASR is assumed as constant in this electrolyzer
model; i.e., current density (i) and ASR are used as the input
parameters.

The atmospheric pressure condition of a laboratory-scale
hydrogen production system is 0.1 MPa (= 101.325kPa),
but hydrogen production systems coupled to a VHTR for
mass hydrogen production are assumed to be pressurized in
the range of about 5-7 MPa. The cell potential decreases
with system pressure under the same current density condi-
tions, as shown in Fig. 9.

(2) Effect of Molar Flow Rate

Changes to the H, (or H,O) molar fraction at the inlet
affect both the molar flow rate for production at the outlet
and Vpems potential. Initial conditions for molar flow rate
analysis are as follows:

— Inlet flow rate at the cathode: 1.0 gmole/s (mole fractions:

H,0-90%, H,-10%),

— Inlet flow rate at the anode: 1.0 gmole/s (mole fractions:

0,-21%, N»-79%),
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— Values for temperature, pressure, current density, and

ASR: same as in Table 2.

(a) The H, molar fraction for the cathode inlet flow of
1.0 gmole/s is changed from 10 to 90% and the results are
shown in Fig. 10. Increasing the H, molar flow at the inlet
causes an increased total H, molar flow rate at the outlet, but
results in the reduction of real H, produced by the electrol-
ysis reaction. The amounts of real H, produced can be
calculated using Eq. (13). When the inlet H, molar fraction
increases, Viems potential increases slightly, and reactions
will not happen normally because there exists very little H,O
for electrolysis. When the high-temperature electrolysis ex-
periment occurs, injecting a small fraction of H; is helpful in
preventing oxidation on the cathode electrode, which is
generally a nickel-based material. To prevent oxidation at
the cathode electrode and maintain an effective electrolysis
reaction, a small fraction (10-20%) of H, needs to be blown
at the cathode inlet.

Real H, production = 7o 11, — #i 1,5 (13)

where
on,: Hy molar flow rate at the outlet,
nin,: Hy molar flow rate at the inlet.

Air, which generally consists of 79% nitrogen (N,) and
21% oxygen (O,), is used as inlet gas for the anode electrode
in the electrolyzer model. Using air as sweep gas at the
anode electrode releases oxygen produced by the electrolysis
and can be sustainable electrolysis.

(b) The results of changing the anode inlet flow from 0.1
to 1.0 gmole/s are shown in the Fig. 11. Increasing the total
molar flow rate from 0.1 to 1.0 gmole/s at the anode inlet
increased the amount of both O, and N, molar flows at the
anode outlet. When the total molar flow of sweep gas is over
0.7 gmole/s, the molar flow of O, is higher than that of N».
According to the amounts of sweep gas, O, and N, molar
flows at the outlet vary. If molar flow rates of sweep gas are
higher than those of H, and H,O in the inlet, the molar flow
rate of O, in the outlet will increase, as shown in Fig. 11.
(3) Carrier Gas Effect

An inert gas, such as nitrogen or argon, was used as a
carrier gas in the HTE experiment. Independent variations in

J. KOH et al.
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Table 3 Changes in molar fraction at the cathode inlet

Molar fraction Molar flow rate

H,0 H, N, (total, gmole/s)
0.90 0.10 0.00 1.00
0.81 0.09 0.10 1.00
0.72 0.08 0.20 1.00
0.63 0.07 0.30 1.00
0.54 0.06 0.40 1.00
0.45 0.05 0.50 1.00

both the partial pressure and flow rates for H, and H,O are
permitted because carrier gas is used.!® The initial condi-
tions for analyzing carrier gas effects are as follows:

— Inlet flow rate at the cathode: 1.0 gmole/s (mole fractions:

H,0-90%, H3-10%, N,-0%),

— Inlet flow rate at the anode: 1.0 gmole/s (mole fractions:

0,-21%, N»-79%),

— Values for temperature, pressure, current density, and

ASR: same as in Table 2.

When the molar fraction of nitrogen at the cathode inlet
increases from O to 50%, as shown in Table 3, the molar
flow of hydrogen is reduced and the cell potential decreases
from 1.01 to 1.006 V, as shown in Fig. 12. Based on experi-
ments, carrier gas is helpful in measuring the hydrogen
concentration or calculating produced hydrogen amounts at
the cathode outlet. The carrier gas was therefore injected at
the cathode inlet and the use of a lower amount of carrier gas
is recommended.

(4) Electrolysis Conversion Rate Effect

As indicated above, a simulated chemical reaction is used
as the conversion reactor model in the middle of an HYSYS
reactor type. To use the conversion reactor model, the stoi-
chiometry information (ex. HO — H, + 1/20,) for water
electrolysis and conversion rate are needed. The conversion
rate describes the percentage of water being split in the
electrolyzer model.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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The assumed calculation is the same as in Table 2, but
the electrolysis conversion rate varies from 10 to 90%. The
effects of the conversion rate are shown in the Fig. 13.
When the electrolysis conversion rate is increased, both
hydrogen production and cell potential increase, but the
H,0O molar flow is less because of the increased conversion
rate. The higher conversion rate in the isothermal electrol-
ysis reaction is therefore recommended to maximize hydro-
gen production.

III. Simulation of an HTES Coupled with a VHTR

The developed electrolyzer model can be used to analyze
or design the HTES using the SOEC system. By using the
SOEC, the HTES consists of high-temperature electrolysis
parts (including an electric furnace and solid oxide electrol-
ysis cell stack, pipe system for gases, and data acquisition
system), a control system, a power supply, and a heating
and cooling system as shown in Fig. 14. The solid oxide
electrolysis cell stack is made of a cathode, an anode, an
electrolyte, an interconnector, and upper and bottom plates.

The newly developed HYSYS electrolyzer component
described in the previous sections was used to analyze the
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HTES integrated with a VHTR. Figure 15 shows the sim-
plified hydrogen production system coupled with a very
high temperature reactor. Inlet and outlet temperatures were
assumed to be 490 and 900°C, respectively, and the hydro-
gen production rate for the 600 MWth was assumed to be
2.125kg/s (2.68 x 10° tonne/yr for 4 x 600 MWth).'® The
required process heat and electrical work were about 32.5
and 200.6 MWth, respectively. The overall efficiency of the
system was estimated to be 35.98% from Eq. (14),

_ ZWT_ZWC_ZWCIR_ZWHTE+QHZ

Om

)

(14)

n

where

n: overall system efficiency,

> Wr: turbine work,

Z We: total compressor work,

> Werr: circulator work,

> Wyre: total work required for high-temperature elec-
trolysis,

> On,: Hy production rate x lower heating value (242
kJ/mol),

> Qu: reactor thermal power.
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Fig. 15 Process flow diagram of hydrogen production system coupled with VHTR (HYSYS)

IV. Conclusions

Based on the thermodynamics of high-temperature elec-
trolysis, an electrolyzer model was developed for use in
analyzing the hydrogen production system. A sensitivity
analysis was then carried out for the principal effective
parameters: temperature, pressure, current density, area-
specific resistance, flow rate in the inlet, and fraction of
carrier gas or sweep gas. The analysis results show that
cell potential increases with increasing current density or
area-specific resistance and decreases with increasing tem-
perature. An increased hydrogen molar flow causes an in-
creased total hydrogen molar flow rate at the outlet, but
results in a reduction of real hydrogen production. If the
molar flow rate of sweep gas is higher than that of hydrogen
and steam at the inlet, the molar flow rate of oxygen is
reduced at the outlet. When the molar fraction of nitrogen
increases from 0 to 50%, it reduces the molar flow of hydro-
gen and slightly lessens the cell potential. The HTES system
coupled with a VHTR was then modeled and analyzed using
the newly developed HYSYS electrolyzer model. The over-
all efficiency of the system was then estimated to be about
35.98%. However, further studies are required to optimize
configurations and efficiency of the hydrogen production
system.
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