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Abstract. The main purpose of this paper is the development of a CFD modelling
methodology for the simulation of alkaline water electrolysis. The growing concern about
climate change is pushing more and more countries to facilitate ecological transition
programmes. Hydrogen perfectly fits the characteristics to become one of the main actors
in many industrial sectors to reduce the emission of polluting gases in hard-to-abate
sectors. In this framework, hydrogen must be produced through zero-impact technologies.
Alkaline water electrolysis is the most widespread technology to produce green hydrogen,
and through its CFD modelling it is possible to accurately simulate the behaviour of these
components and enhance their performance. In this study, two three-dimensional models
have been created representing two types of alkaline electrolysis cell: the first one is a
standard laboratory configuration (wide-gap), the second one is a zero-gap type. Both
models are based on a two-phase model (liquid: water and potassium hydroxide
electrolyte, gas: hydrogen and oxygen) using a Euler-Euler approach to describe the gas
bubble flow. With these models it has been possible to investigate how temperature and
electrolyte flow rate affect the production of hydrogen, with particular emphasis on the
pressure effect. Increasing the pressure at which hydrogen is produced could mean a
significant reduction in storage compression costs, giving new horizons to this technology.

1. Introduction

Climate change and global warming are posing challenging problems to all the governments
across the world. The need to decarbonize as much as possible the energy production field is
leading to consider more and more renewable sources as a main resource to produce energy. Two
of the main problems for this kind of energy production systems are operational intermittence
and energy storage. Apart from certain types of hydroelectric power plants that can accumulate
water to use it when the energy request is higher and can almost steadily produce renewable
electric energy during most days of the year, solar and wind-based plants do not work
continuously during the day and usually not at their full load when the request is at its maximum
[1]- A way to attenuate such decoupling is to convert the excess of electrical energy into chemical
energy by producing green hydrogen with an electrolysis process. Hydrogen can be stored in large
quantities, it can be transported and used where and when it is needed the most, allowing to
increase the flexibility of renewable energy sources [2][3]. Also, many industrial fields, e.g.
chemical industries, use massive amount of hydrogen which is mostly produced through methane
steam reforming or coal gasification. Introducing a way to produce it without the emission of
pollutant gases would represent a significant step forward for the decarbonization of such sectors.
At present, the most widespread and used technologies for green hydrogen production are Proton
Exchange Membrane Water Electrolysis (PEMWE) and Alkaline Water Electrolysis (AWE). The
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first one is based on a solid thin electrolyte coupled with two electrodes in a Membrane Electrode
Assembly (MEA). It can operate at high current densities between 0.6 — 2.0 A/cm? for less than
2V, resulting in a better efficiency (60% — 80%) and a higher hydrogen output [4][5]. The main
disadvantage for this technology is the usage of platinum group metal material (PGM) and iridium
oxide as catalyst especially in the anodic oxygen evolution, which leads to much more expensive
components. That is why the most common water electrolysis process is AWE. Using a liquid
electrolyte, usually potassium hydroxide (KOH) or sodium hydroxide (NaOH), it does not require
precious metal as catalyst for the semi-reaction, the electrodes are usually made of nickel (Ni)
leading to a much cheaper electrolysis cell. As consequences, the performance in AWE is lower
than in PEMWE with a range of current densities of 0.2 — 0.6 A/cm? for voltages of 1.8 — 2.4V,
so more energy is required to obtain the same hydrogen output [6][7]. However, being a more
developed technology guarantees longer lifetime, which combined with lower costs justifies its
mainstream use. In recent years the renewed interest for AWE has led to the development of many
studies on the state of the art and on the creation of multidimensional models. Hu et al. [6]
reported an accurate review of AWE, comparing it with other electrolysis technologies, giving
indication on how many operational parameters affects the cell performances and providing a
mathematical model to simulate it. Zeng et al. [8], starting by exhaustively describing the AWE
technology, showed in detail the most recent progresses regarding electrodes composition and
electrolytes additives in order to improve the cell efficiency. The focus of many studies has been
concentrated on how to model and improve overpotential losses in particular activation and
ohmic losses in the main components of an AWEC [9][10]. For the zero-gap type of cell (porous
electrodes, no gap between solid parts) the growth of bubbles on electrode surfaces has a big
impact on performances. Kadyk et al. [11] studied a way to enhance the gas removal from porous
electrodes, concluding that sacrificial sites for bubble nucleation in the electrodes can
significantly improve cell performances. Schllings et al. [12] have modelled how forced flow can
influence the bubble removal and the results have shown many advantages using forced
convection. Lee et al. [13] have developed a precise 3D numerical model to study how gas
evolution processes, temperature, and inlet velocity of the electrolyte affect the performance of a
zero-gap AWEC based on experimental data. No articles were found that studied different
geometries configuration of cells and, most important, just a few took care of how pressure
changes can influence cell performances [14][15], but without using 3D CFD analysis on a cell
level. For these reasons the focus of this paper is to investigate the behaviour of alkaline water
electrolysis cells (AWEC) through 3D CFD models using COMSOL Multiphysics, validated against
experimental and numerical literature data. With these models the temperature, inlet velocity and
pressure sensitivities are deeply investigated to reach a better understanding of the process to
improve AWEC performance.

1.1 Alkaline Water Electrolysis

In figure 1 a schematic AWE is shown. An alkaline solution, containing KOH in our case, is
introduced to both anode and cathode by external forced circulation. It allows the migration of
OH~ ions from the negative to the positive electrode. Electrical energy is supplied thanks to an
external generator and splits liquid water molecules into gaseous hydrogen and oxygen through
the following semi-reactions taking place on the surfaces of two electrodes:

Cathode 2H,0 + 2e~ —» 20H™ + H, EJ; = —0.828V B
Anode 20H™ - H,0 +20, + 2™ Efy = 04011V )
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Where E9; and EJ; represent the thermodynamics equilibrium potential of the oxygen and
hydrogen evolution reaction (OER and HER, respectively).
The complete reaction for the AWE process can be written as:

oxygen (Oy) hydrogen (Hp)

anode cathode
+ diaphragm -

—TT

electrolyte
(alkaline solution)

electrolyte
(alkaline solution)

Figure 1. Basic AWE cell, components, chemical and transport processes [20].

1
H20 _)HZ +502 (3)

As mentioned, the AWEC works with medium-low current densities due to high voltage losses
that results in poor efficiencies for working points with i > 1 A/cm?. Hence, despite being a well-
known and developed technology, it has many areas where it can be improved via simulations.

2. Mathematical Model

A three-dimensional AWEC model is based on two coupled modules: one for the description of

the electrochemical processes developing in the cell, and one for the two-phase flow evolution.

The second one consists in a Euler-Euler mixture approach where the interpenetrating continua

share the same pressure. Volume fraction for each phase was used since the volume occupied by

one phase cannot be occupied by other phases. Also, mass-averaged mixture velocity and diffusive

mass flux were considered. In this study the models are simplified by the following assumptions,

which are commonly shared with fuel cells modelling [16], [17]:

1. Laminar flow regime of the mixture, because of the low fluid velocity which results in low
Reynolds number.

2. Ideal gas behaviour for hydrogen and oxygen which are presumed to be dispersed as gaseous
bubbles (dispersed phase, 4) in the continuous liquid electrolyte (continuous phase, ().

3. Porous electrodes are isotropic, and transport phenomena can be described by considering

effective permeability, uniform porosity and tortuosity.

The gravitational force was not considered.

Butler-Volmer kinetics govern the electrochemical reaction at the anode and cathode.

Bubble adherence to the walls, deformation, circulation and coalescence are neglected.

7. All AWE cells are assumed to be isothermal.

o vk

2.1 3D geometry
The 3D geometry is illustrated in Figure 2. The dimensions are summarized in Table 1.
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Figure 2. 3D geometry and mesh, with red-marked cross section plane for 2D plots.

Table 1. Cells dimensions.

Name Value Description

Xsep 4.6E-4 m Separator Thickness

Xeell 0.0018 m Current Collectors Thickness
Acenl 2.16E-4 m* Cell Surface

Xel 7E-4m Electrodes Thickness
Veell 0.027 m Cell Width

Zcell 0.008 m Cell Height

Even though they remain the same for both zero and wide gap configurations, the zero-gap cell
uses two porous electrodes made of nickel that physically connects current collectors and
separator, while the wide-gap cell has two nickel electrodes idealized as planar surfaces attached
to the bipolar plates, so, there is gap filled with the electrolyte between electrodes and separator.

Bipolar Plates Bipolar Plates

Separator

Separator

Porous
Electrodes

Electrodes

Gas Bubbles = Gas Bubbles

Figure 3. Wide-gap configuration (left), zero-gap configuration (right) [21].
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The operating conditions for both cells are summarized in Table 2. The liquid electrolyte is
introduced at both anode and cathode with the same velocity.

Table 2. Operating condition, from [13].

Name Value Description

Teen 353K Cell temperature
Pgas 1 atm Inlet pressure

Vin 0.1m/s Electrolyte inlet velocity
CKoH,in 6724.992 mol/m3 KOH inlet concentration
CH20,in 48818 mol/m3 H20 inlet concentration

2.2 Electrochemical model

The COMSOL “Water Electrolyzer” module was used to model all the most important
electrochemical equations. The voltage that has to be applied to the cell to sustain the process as
it is calculated by the software is represented in expression (4):

V(i) = Eeq,PE/NE + (Vact,PE(i) + Vact,NE(i)) + Vohm,sep (l) + Vohm,PE(i) + Vohm,NE(i) + Vbubble (L) (4)
The Butler-Volmer equation was used to express the local current density i at both positive (PE)
and negative (NE) electrodes:

P 2
e 4 ; Con- Cu, ox (a’aFT]NE) _ Chy0 ox (_acFUNE) (5)
NE liquid“*v,NE “O,NE Cg;f_ C:]jf 14 RTCL,” C:,z{, p RTcell
5 1/2
ipr = €liguial i Con- ex (aaFnPE) - COZ CHZO ex (LFTIPE) (6)
PE liquid‘iv,PE Lo,PE C;ilf_ p RT,o ngf CI::{) p RTcen

Where g4,:4 is the electrolyte volume fraction. A,z and A,y represents the ratios between
electrochemical active surface and the total volume of the porous electrode, a, and «a, are the
anodic and cathodic transfer coefficients, and 5,z and 5y denotes the superficial overpotentials,
similarly to the model implemented in [18]. The terms iyp; and i,z represents the exchange
current densities for the oxygen electrode reaction (OER) and for the hydrogen electrode reaction
(HER) and they were defined as function of temperature with the following expressions:

_Ea,PE/NE< 1 _ 1 >] (7)
R Tcell Tref

Here E,pr and E, vy denote the activation energies for the reactions at the anode and at the
cathode, respectively, while i, ¢ pr and i, ,.f ye are the reference value for the exchange current
densities. For the thermodynamics reference potential of the OER and HER the following
expression was used:

lo,pE/NE = loref,PE/NE " €XP

ASPE/NE
2F

Eeqref.pene(T) = E® + (Teeu — To) (8)
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In these equations As,; and Asy; express the entropy variations during the reactions at anode and
cathode. From that it is possible to calculate the equilibrium potentials at both positive and
negative electrodes using the Nernst equation as follows:

RT i \"
Eeqpe/ne = Eeqrespe/ne(T) — o In H (pi,rizf) (9)

The governing equations for the multi-phase flow implemented with this module are represented
in Table 3.

Table 3. Governing equations for the multiphase flow implemented via “Water Electrolyzer module”.

Name Equation Terms

Charge transport V- is = _iv,total iS = _Usreffv¢5
solid media

Charge transport Vi = lytoral I} = —0uerr Ve
Electrolyte
Maxwell-Stefan P Q VT
species transport pa(wi) +pw-Vw; =V-| pw; Z Dikesrdi + DT T +R; Ref. [22]
k=1

The effective ionic conductivity in all porous media was calculated using the tortuosity
correlation:

€
Oleff = ;01 (10)

Where ¢ represent the porosity and 7 is the tortuosity of the porous materials.
For the effective electrical conductivity in porous electrodes the Zamel [19] correlation was used:

Oseff = Os° {1 —0.962 - (%) - exp[0.889 - (1 —&)]- (1 - s)—°-°°715} (11)

While for the bipolar plates made of SS304 and for the Zirfon separator the electrical conductivity
values were taken from [13]. Starting from the data in [13] the diffusion coefficient for hydrogen
and oxygen was defined with the following equations:

_Fag (L _ L)] (12)
R Tcell Tref

Here, the subscript i stands for i-th species and k for the k-th phase. After that, the effective value

was calculated via the Bruggeman correlation as follows:

-1
Digesr = Dike’eéfls ) (13)

Dy = Dig rey €xp

In which g4, denote the gas volume fraction.
The hydrogen production mass flow rate was calculated using the Faraday law:

: INg " Acen* MW,
N, = NE Tcell 77H2 (14)
i 2F
The power supplied to the cell was given by equation (15):
P = V(l) "INE " Acer (15)
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2.3 Euler-Euler model for two-phase mixture flow

To complete the model physics the “Euler-Euler Model, Laminar Flow” interface was used. It
allows to implement the continuity and momentum equations, described in Table 4, where the
continuous phase is the liquid electrolyte, while the dispersed phases are gaseous hydrogen at the
cathode and oxygen at the anode. In this way the gas development can be modelled in a

Table 4. Governing equations for the multiphase flow implemented via “Euler-Euler model, Laminar

”

flow”.

Name Equation Terms

Continuity
equation for
continuous phase

d
3¢ (P9 +V * (pedpeute) = mac Ref. [23]

Continuity
equation for
dispersed phase

]
37 (Pada) +V * (padparta) = —my, Ref. [23]

Momentum
equation for
continuous phase

0
pc¢c [E (uc) + ucv(ut)] = _¢cvp + ¢CV *To+ Fm,c + ¢ch + mdc(uint - uc) Ref [23]

Momentum
equation for
dispersed phase

a
pata [a (ug) + udV(ud)] =—=¢paVp + PaV * T4 + Frg + PaF g + Mac(Uine — Uq) Ref. [23]

comprehensive way. Assuming Newtonian fluids, the stress tensor for continuous and dispersed
phases can be described as in equations (16-17):

2
re = (Vate + (Tu)" =S (V- u 1) (16)
2
Tg = Il"dn (Vud + (Vud)T - § (V . ud)l) (17)
where pmix is the dynamic viscosity of the mixture and it was calculated with a “volume average”
model:
Umix = Pcllc + Palla (18)
UE = UG = Hmix (19)

¢ is the volume fraction of and p is dynamic viscosity for each phase.
The interphase momentum transfer was defined with the term F; that represents the sum of drag,
lift and bubble dispersion forces, respectively, as described in equation (18):

3 Cyq K,
F;=—- Z(pdpd— |uslip|uslip - ¢del|uslip|V *Ue — (;bdpd— |uslip|v¢d (20)
bubble bubble
Where the slip velocity is defined as:
Ustip = Ug — Uc (21)

C, represent the lift coefficient, dj, ;1 is the average bubble diameter and Kj; is the gas dispersion
factor. To calculate the drag coefficient the Shiller-Naumann drag model was implied:
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24
—— (14 0.15Ref*") Re, < 1000
Re,

Cy= (22)
0.44 Re, > 1000
The inlet velocity is low, so the Reynolds number, calculated like in expression (23), is lower than
1000.
d c| %sli;
Re, = M (23)
He

3. Results

The validation of the mathematical model was achieved by comparing the experimental and
simulation data on the polarization curve reported in [13] to the data obtained with the 3D
simulation of the zero-gap configuration. As visible in Figure 4-5, the mathematical model results
follow the polarization curves of the simulation presented in [13] and, as consequences, the
experimental data.

The increasing in voltage losses when the working temperature decreases are caused by the drop
of the exchange current density and of the effective diffusion coefficient, as highlighted by

Polarization Curves Polarization curves

—o=—Polarization Curve Zero-
gap 3D T=333.15K
—0—Polarization Curve Zero-
gap 3D T=313.15K
—— Polarization Curve Zero-
gap 3D T=293.15K
—o— Polarization Curve Lee et

al. T=333.15K
—c— Polarization Curve Lee et
260 al. T=313.15K
——Polarization Curve Lee et
al. T=293.15K

2.30

Voltage [V]
M
s
g
Voltage [V]

=== Polarization Curve Lee

etal. T=353.15K 2,00
170

—omPolarization Curve 170
Zero-gap 3D i
T-353.15K

0.00 0.20 0.40 0.60 0.80 1.00 120 14 0.00 0.20 040 0.60 0.80 1.00 1.20 1.40
Current Density [4/cm”2] Current Density [4/em*2]
Figure 4. Polarization curves for model validation at Figure 5. Polarization curves for model validation at
T=353.15K. T=333.15K, T=313.15 Kand T=293.15 K.

Zero-gap Cell: Volume
Fraction of Gas

i=10A4/cm? T=35315K

Figure 6. Volume fraction of hydrogen distribution through the cell.
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equations (7)(12). Combined with the reduction of electrolyte and overall separator conductivity,
the cell performance significantly decreases as the temperature reduces. As visible in Figure 7 for

Zero-gap Cell: Volume X X
Fraction of Gas Power consumption at variable temperature

T=35315K T=33315K | T=31315K T=29315K
C A C A G A

b
=)
=1

6.5220

C A
0.5 X 5.7173 ;
5.2481
o4 4.0004 —
035
03 Y
025
02
0.1s .
01
005
0.00

- w o
o =) =)
=1 & =1

1=27mm
Electrical Power [W]
&
8

t
=1
=]

k
o
=1

353.15 333.15 313.15 203.15
Temperature [K]

e 1y of

Figure 7. Zero-gap cell Temperature sensitivity: Figure 8. Zero-gap cell Temperature sensitivity: single
volume fraction of gas at i=1.0 A/cm?. cell power consumption at i=1.0 A/cm?.

KOH

i = 1.0 A/cm? the volume fraction of hydrogen at cathode increases from inlet to outlet due to
hydrogen generation, although it decreases moving to lower operating temperature because of
the higher overpotentials. This leads to higher electrical power supplied to the cell in order to
achieve the same hydrogen production rate, as shown in Figure 8. Comparing the results for the
zero-gap cell at different current densities (i = 0.5 A/cm? and i = 1.0 A/cm?) (Figure 9) it is
noticeable the increment in hydrogen and oxygen production at the cost of higher ohmic and
concentration losses, where for the first case NHZ = 1.13054EF — 8 kg /s, while for i = 1.0 A/cm?

Ny, = 2.26104E — 8 kg/s. Also, the electrolyte velocity slightly increases due to the bubble
obstruction of pores in the central part of the negative electrode.

Zero-gap Cell: Volume Zero-gap (I.ell: KOH
Fraction of Gas velocity
i=05A4/cm? i=10A/cm? i=054/cm? i=1.0A4/cm?
C A C A C A c A

b A

(& ]

27mm

1=

c o o o o o o o o
g # & B &£ & @ = 7
1=27mm
° ° ° o ° ° °
° ° ° ° - I -
R H 8 H 5 g

tf 8 of of

Figure 9. Zero-gap cell comparison at different
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Afterward, the sensitivity to the electrolyte flow rate was investigated considering two other inlet
velocity in addition to the initial one (v;,, = 0.01 m/s and v;,, = 0.4 m/s). The results are shown
in Figure 10-11, where for a flow rate reduction by a factor of 10 (v;, = 0.01 m/s) the cell
performance decreases significantly at medium-high current densities. This means that the gas

Zero-gap Cell: Volume
Fraction of Gas

Polarization Curves
Vip = 0.4m/5 Pin = 0.1M/S iy = 0.01m/s

C A C A
ons
-
KOH KOH

Figure 10. Polarization curves: vin sensitivity. Figure 11. Zero-gap cell vin sensitivity: volume
fraction of gas at i = 1.0 A/cm?.

2380

C A
A
2.60 ‘
2.40 /
220 -
200
—0=—Pdlarization Curve Zero-gap 3D
- v_in=0.01m/s
180
# =—O=—Polarization Curve Zero-gap 3D
r v_in=0.1m/s
160 ¢
H === Polarization Curve Zero-gap 3D
8 v_in=0.4m/s
140 v
KOH

Voltage [V]
1=27mm

0.00 0.20 0.40 0.60 0.80 100 1.20 140 1
Current Density [A/cm”2]

evacuation given by the insufficient electrolyte flow rate cannot keep up with the nucleation and
growth of hydrogen bubbles sticking on the electrode surface reducing the active area and
lowering the ionic conductivity of the electrolyte, leading to higher concentration and ohmic
overpotentials with a 1% increase in power consumption for the cell considered fori = 1.0 A/cm?.
By contrast, if the inlet velocity is increased 4 times (v;, = 0.4 m/s) the volume fraction of gas in
the porous electrodes decreases, resulting in marginally lower overpotentials.

In view of the relevance of high-pressure gaseous hydrogen storage, its production at high
pressure could sensibly reduce the compression power and cost needed. For this reason, a
simulation considering a 90 bar pressure at both anode and cathode was carried out and the
polarization curve is shown in Figure 12.

Polarization Curves Electrical Power Consumption variable inlet
pressure

2.40 6.00

4.0004 5.1153

t
=)
5

=
=
=

Voltage [V]
~
1}
5]

r
o
=

Electrical Power [W]
w
=1
g

==0==Polarization Curve Zero-gap 3D
p=90bar

=
5

.60
—o—Polarization Curve Zero-gap 3D
p=latm

e
=
=

1.01325 90
0.00 0.20 0.40 0.60 0.80 1.00 1.20 140 Inlet pressure [bar]
Current Density [A/em”2]

Figure 12. Polarization curves: pressure sensitivity. Figure 13. Zero-gap cell Pressure sensitivity: single
cell power consumption at i=1.0 A/cmz.

10
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Increasing the pressure of the products means a rise in activation overpotential, as explained in
equation (9). However, the ohmic overpotentials are lower than in the atmospheric pressure cell
likewise in reference [14]. The production rate of hydrogen decreases under equal voltage. As
consequences to reach the same hydrogen mass flow at the outlet section the consume of
electrical power increases (Figure 13). Although, considering the energy saved in the
compression phase during storage, the overall efficiency of the full production plant could benefit
from producing hydrogen at a higher pressure.

Finally, a comparison between the two types of cells was made. Figure 14 shows how the wide-

‘Wide-gap vs. Zero-gap Cell:

Polarization Curves Volume Fraction of Gas
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Figure 14. Polarization curves comparison wide-gap zero- Figure 15. Comparison wide-gap zero-gap cells:
gap cells. volume fraction of gas.

gap configuration has considerably worse performances than the zero-gap. The wide-gap cell
suffers from a physical distance between the electrodes, resulting in a long path for the ion
conduction and leading to high ohmic losses. Therefore, a wide-gap AWEC is limited to operate
with low current densities as testified in [6], while a zero-gap configuration reaches higher
current densities resulting in better performance and efficiency. The required power to attain the
same production at i = 0.5 A/cm? is greater than 17% in comparison with the zero-gap

configuration.
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For the wide-gap cell the same sensitivities were investigated and the results Figures 16-17 lead
to almost the same consideration already mentioned.

Conclusions

In this study, three-dimensional two-phase models were developed using an electrochemical
module coupled with a Euler-Euler mixture approach to simulate AWEC with two different
geometries: zero- and wide-gap. These models were successfully validated against literature and
simulation data for voltages up to 2.6 V and current densities up to 1.4 A/cm2. The excellent
agreement between the model results and the literature data continues for different operating
temperature confirming the quality of the presented model. The simulation results accurately
predict the behaviour of the cells at different temperatures, flow rates and pressure allowing to
simulate dissolved and bubble transport of hydrogen and oxygen forecasting the overpotential
losses at different operating conditions. Increasing the operating pressure leads to a growth in
losses for most of the working range, which means that at the same current density the
electrolysis performance is lower reducing the hydrogen production rate, although the savings in
power for compression could render it as an attractive solution to lower the hydrogen production
and storage cost.
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