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Abstract

A water electrolyzer is an electrochemical device that produces hydrogen and oxygen from water via electricity.
A sustainable way of producing hydrogen with renewable electricity, also known as green hydrogen, could enable
its use in decarbonisation of sectors that depend on fossil fuels. However, to scale up the production of green hy-
drogen, larger water electrolyzers are required, which presents challenges. Water electrolyzers produce hydrogen
in the form of bubbles, which are transported away through outlet channels. The geometry of the outlet channel
is important for performance and safety. A channel that is too wide can result in unwanted ionic current leakage,
reducing efficiency and increasing the risk of explosion. To reduce the leakage current, the electrical resistance
in the channel can be increased to make it difficult for ions to flow through. However, a narrow channel can
increase the hydraulic resistance, leading to clogging due to bubble build-up.

This study focuses on the characterization of the slug flow regimes that eventually lead to clogging of the outlet
channel in a novel electrolyzer design. To characterize the flow when blockage develops, electrochemical tests
with industrially relevant 6M KOH were carried out at room temperature and ambient pressure in conjunction
with high-speed video recording. The examined channel was 2 mm high, 3 mm wide, and 40 mm long. The
experiments showed that clogging occurs for certain flow regimes. The hydraulic configuration caused clogging
at the hydrogen side, which caused the liquid flow prefer to travel via the anode rather than the cathode, which
was reflected in the temperature plots. Clogging did not occur when the superficial gas velocity was greater
than 0.3 cm/s, which corresponds to a current density of 140 mA/cm?. The clogging was also not visible at a
superficial liquid velocity greater than 0.25 cm/s. Below these values, clogging is expected to take place for the
investigated channel dimensions. The bubble diameters in the bubble layer in front of the channel were measured
with a microscopic camera. The mean bubble diameter was 0.4 mm, which is 80% smaller than the height of the
channel through which they flow. However, exceptional bubble sizes that were 3 to 4 times the channel height,
which ultimately led to clogging of the channel, were also present. The bubble layer thickness and velocity
at increasing liquid flow rates and current densities were measured using a high-speed camera. At low current
densities, the velocity and thickness of the bubble layer were not affected by the liquid flow rate. At higher current
densities, a higher liquid flow rate appeared to reduce the thickness of the bubble layer, but not the velocity of the
bubble layer. The bubble layer thickness as well as the velocity strongly depend on the applied current density
(and thus the gas flow velocity).

This knowledge might be, when the flow regimes are scaled to larger electrolyzer dimensions accordingly,
essential for future electrolyzer manufacturers and operators for the operation and design of larger-scale elec-
trolyzers. It will give insight into which flow regimes should be avoided in order to avoid clogging and thus
explosion risks during operation.
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Introduction

Global fossil CO, emissions increased further in 2022, returning to pre-COVID 2019 levels after a dip caused by
the COVID-19 pandemic. Figure 1.1 depicts a chart showing the upward trend in global fossil carbon emissions
over the past 60 years [1].

Global Fossil CO, Emissions
40 Gt 2 Projection 2022
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Figure 1.1: Global fossil CO, emissions over the past 60 years [1].

Due to the universal goal of adhering to the Paris Agreement [2], which aims to globally limit CO, emissions
from fossil fuels, alternative sustainable energy sources such as hydrogen have gained in popularity. Hydrogen
can, for example, provide an alternative for sectors where fossil fuels are still utilized, such as transportation,
householding, and industry. Hydrogen vehicles, for example, already exist and are legal on the road. Other
examples of hydrogen applications are recent pilot projects in several Dutch neighborhoods where natural gas is
replaced by hydrogen fuel [3]. Similarly, for industrial production processes that still require steam or hot water,
hydrogen-fed boilers may provide the option of burning hydrogen instead of natural gas [4]. Moreover, when
hydrogen is produced by performing water electrolysis, it is also possible to generate hydrogen when there is an
excess of electricity on the grid and store the hydrogen until it can be converted back to electricity, via fuel cells,
once there is a shortfall.

These large-scale hydrogen applications require large-scale, but more essential, sustainably produced hydro-
gen from renewable energy sources. This type of hydrogen is also known as “green hydrogen”. A sustainable
way to produce green hydrogen is, for instance, through water electrolysis, in which electricity is the only en-
ergy source needed to decompose water into hydrogen and oxygen gas. The three most common types of water
electrolyzers are the PEM water electrolyzer (PEMWE), alkaline water electrolyzer (AWE), and the solid-oxide
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Figure 1.2: A single electrolysis cell [5] (a) and a stack of multiple tightly packed cells [6] (b)

water electrolyzer (SOWE). Alkaline water electrolysis is the form of electrolysis that is examined in this report
because it has the greatest potential to reduce the cost of hydrogen generation compared to the other types.

A schematic of an alkaline water electrolyzer cell is provided in Figure 1.2a. It consists of two electrodes sub-
merged in an electrically conductive water solution (electrolyte), and when a sufficiently high voltage difference
is applied to the electrodes, ionic current will run through the electrolyte and the following two half reactions will
take place at the two electrodes:

40H (1) — Oy(g) +2H,0(1) + 4e~ Anode
4H,O(1) +4e~ — 2Hy(g) +40H (1) Cathode (1.1)
2H,0(1) — 2Hy(g) + Oa(g) Total reaction

Hydrogen and oxygen are produced in the form of gas bubbles. The presence of these generated bubbles reduces
the efficiency of electrolysis, and therefore, it is desired to transport the bubbles away as quickly as possible.
A diaphragm separates the bubbles produced because a mixture of hydrogen and oxygen increases the risk of
explosion. To increase hydrogen production, multiple electrolyzer cells can be tightly packed together in a stack,
as shown in Figure 1.2b.

1.1. A novel electrolyzer

Recently, a type of water electrolyzer stack was designed and built by a group of bachelor students at the Process &
Energy department of TU Delft [7]. The advantage of this design, which was originally developed and patented by
J.W. Haverkort, [8], is the fact that the cells are interconnected in series with one another such that the anodes and
cathodes alternate among two cells rather than alternating with each cell, which is often applied in conventional
electrolyzers. Less alternation between cells makes the process safer because the compartments carrying the
produced gases are less exposed to each other. Furthermore, the electrodes used were corrugated in shape (i.e.
waved), as suggested in patent [8], in order to increase the reaction surface area and thus the hydrogen produced
per volume taken by the electrolyzer.

1.2. Problem statement

As depicted in Figure 1.2b, exit channels of the cells share common manifolds, which pose prevalent issues and
design constraints in electrolyzer stacks. For instance, the ionic current that is used to flow between electrodes in
a cell can make use of the shared manifold to flow to other cells as well. This undesirable ionic current is known
as a “leakage” or a “shunt” current and reduces the efficiency of an electrolyzer stack. Moreover, the potential
difference over the electrodes can be turned in sign, causing an intended anode (connected to an outlet manifold
with O5) to behave as a cathode to produce H,. A switch in electrode polarity can increase the risk of an explosion.
From this perspective, bubbles are advantageous because they increase the electrical resistance in exit channels
and therefore reduce the risk of explosion or fire. However, because of excessive bubble accumulation, the exit
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channel might become clogged, preventing products from leaving. These gas remnants that are left behind might
come into contact with the dry, hot electrode surface, creating explosive hazards. Moreover, the dry part of the
electrode surface causes the current density to increase locally and as a result, the temperature, posing a fire risk.
Therefore, it is crucial to understand the behavior of bubble buildup and leakage currents to maximize both the
efficiency and safety of the operation.

In an electrolytic cell, the dimensions of the exit channel affect both the shunt current and the flow rate of
bubbles through the channel. A narrow channel gives a larger electrical resistance and consequently reduces the
shunt currents at a given potential. On the contrary, narrowing the channel increases hydraulic resistance, which
impedes the flow rate at a given pressure drop. Figure 1.3 shows images of how hydrogen bubbles accumulate
until they form slugs that ultimately block the channel completely in an electrolytic cell.

(@t=0s (b)t=02s ()t=04s

@E=05s (t=5s ®t=15s

Figure 1.3: Sequence of images at different time points of hydrogen bubble layer flow when clogging takes place. (a) and (b) demonstrate
two large bubbles expanding as they move towards the exit channel. The flow direction is indicated with red arrows in (a). In (c), the two
large bubbles coalesce and form a large slug that blocks the entire outlet channel. The slug continues to expand as shown in (e) and (f). All
photos include a 1-mm grid on the left side.

The size distribution of bubbles can be a key factor in influencing the overall system performance in many
processes involving gas-liquid interactions. For instance, in water electrolysis, the size distribution of gas bubbles
might affect the electrode stability and durability, as well as the hydrogen generation efficiency. However, the
bubble size distribution is not always uniform throughout the volume of the liquid and can change depending on
the geometry of the system, the local gas flow rate, and the liquid properties. Thus, it is necessary to look at the
bubble size distribution as a function of height inside the liquid volume. The characteristics of the bubble layer
in gas-liquid systems are significantly influenced by both the gas flow rate and the liquid flow rate.

The rate of bubble production and the distribution of bubble sizes are greatly affected by the velocity of gas
flow. The bubble layer is often thin and composed of larger, more stable bubbles at low gas flow velocities. Higher
gas flow rates may result in smaller, more unstable bubbles and a thicker bubble layer. This happens because
bubbles may fragment to smaller sizes as a result of the shear forces produced by the gas flow. Consequently, an
increase in gas flow often results in more tiny bubbles, which can improve the efficiency of mass transfer, but
also increase the risk of clogging.

The liquid flow rate also plays an important role in determining the behavior of the bubble layer. Atlow liquid
flow rates, the bubble layer may become thicker due to the accumulation of bubbles in the channel. In addition,
low liquid flow rates can also promote bubble coalescence, leading to the formation of larger and more stable
bubbles. Higher liquid flow rates, on the other hand, can help break up the bubble layer and promote the removal
of bubbles from the system.

Therefore, careful control and finding the optimal values of these parameters are important in order to mini-
mize the risk of clogging and other flow instabilities.
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1.3. Scope and research questions

This MSc thesis project focuses on the flow characterization of channel blockages in an up-scaled version of the

novel electrolyzer design. A larger and improved version of the previous mentioned prototype was designed and

built. The design was made so that it was possible to visually inspect the flow within the compartments and outlet

channels of the end cells. Furthermore, the electrolyzer was also designed so that the shunt currents could be

measured using reference electrodes. The thesis project aims to answer the following main research question:
What are the minimal flow conditions required to keep the clogging in the outlet channel under control?
The following sub-questions need to be answered in order to answer the main question:

1. How are the bubbles distributed and what are their sizes? How are they transported away?

2. What are the effects of the superficial gas and superficial liquid velocity on the gas layer thickness towards
the outlet channel?

3. What are the optimal flow conditions to eliminate the thickness of the gas layer?

1.4. Methodology

The thesis began with research in the literature to gain knowledge of water electrolysis and its limitations, such
as shunt currents and bubble accumulation. A larger version of the novel electrolyzer was then designed and
manufactured. Company ERIKS provided their knowledge and supplies to construct a leak-tight electrolyzer.
Experiments were conducted with respect to clogging and slug formation in the outlet channels and were limited to
a single cell electrolyzer. The results were then analyzed and conclusions were drawn. Further recommendations
were provided for future analysis/improvements.

1.5. Structure of the report

The report consists of 5 chapters. The topic of the thesis project is introduced in Chapter 1. An overview of the
fundamentals of water electrolysis, shunt currents, and bubble flow is provided in Chapter 2. In Chapter 3, the
procedure for designing and building the electrolyzer is described. This chapter also explains how the experiments
were carried out. The experiment results are presented in Chapter 4. The conclusion and recommendations are
covered in Chapter 5.



Theory

This chapter will discuss the fundamentals of AWE, shunt currents, and vertical bubble transport in water elec-
trolyzers.

2.1. Fundementals of alkaline water electrolysis

2.1.1. Working principle of an alkaline water electrolyzer

In AWE, the hydroxide ions (OH ™) travel from the cathode to the anode via the present diaphragm, as shown in
Figure 1.2a. Hydroxide ions are employed as current-carrying species between electrodes. In order to increase
the ionic conductivity of the liquid, alkaline compounds are added to the demineralized water. This aqueous
solution is often referred to as the electrolyte. In AWE, the added compound is usually potassium hydroxide
(KOH) or sodium hydroxide (NaOH) due to its high conductivity. Generally, the electrolyte contains 30 wt%
dissolved potassium-hydroxide (KOH). In such a way, higher density of charge-carrying ions is attainable within
the electrolyte [9]. While ions travel from cathode to anode in the liquid, the released electrons at the anodic
electrode travel via the power supply to the cathodic electrode.

The diaphragm between the electrodes separates gaseous oxygen bubbles and hydrogen bubbles formed while
transmitting water molecules and hydroxide and potassium ions (K™). Separation of the gases produced is es-
sential as a mixture can cause explosion hazards [10]. Therefore, an ideal diaphragm should have a high ionic
conductivity, separate the produced gases sufficiently, and be mechanically and chemically stable. These prop-
erties depend on the atomic structure, thickness, porosity, and wettability of the diaphragm [11, 12]. Wetting the
diaphragm is of importance because, in dried conditions, the produced bubbles tend to stick to the diaphragm-
surface and form a blanket made of gas, which increases the ionic resistance. This is also referred to as the
”gas-blanket effect” [13]. The Zirfon PERL separator is an example of a good separation diaphragm that is fre-
quently used in AWE, although its resistance has been shown to be higher when the cells are very tightly packed
[14].

Electrode pairs should ideally be made of a material that is electrically conductive, maintains stability under
high alkaline conditions, has great catalytic properties, and is easy to acquire. Stainless steel, for example, is
inexpensive and easy to access, but does not have great corrosion resistance in alkaline solutions [9]. Nickel,
however, is a popular metal that meets the aforementioned demands, and is therefore frequently used in alkaline
electrolyzers.

The alkaline water electrolyzer is a well-known and mature type of electrolyzer. Recent developments, such
as zero-gap systems and cutting-edge electrode technologies, have further improved the performance of these
electrolyzers [15].

2.1.2. Zero-gap configuration

The distance between the electrodes in an electrolyzer is also known as the interelectrode gap. It is the gap in
which the hydroxide ions have to travel to reach the anode. The distance between the electrodes results in an
electrolytic resistance, which can be computed using the following equation [16] :

no b 2.1)
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where / is the inter-electrode gap, 4 is the cross-sectional area where the ions flow through, and & is the electrical
conductivity. The equation indicates that the resistance is proportional to the interelectrode gap. Therefore, it is
desired to decrease the interelectrode gap as much as possible. In traditional electrolyzers, as shown in Figure 2.1a,
the interelectrode gap is relatively large (order of cm) compared to electrolyzers based on the zero-gap principle.
A zero-gap design implies that perforated electrodes are pressed against each other with a diaphragm in between,
as indicated in Figure 2.1b.

Zero gap cell
Traditional Cell

Hz 02

O 0
.rjf:na (@)
0 0
o}
00 & =
= 00, mpor S
o)
o]

Interelectrode gap

Interslectrode gap

(a) (b)

Figure 2.1: A traditional cell (a) and a zero-gap cell (b) [16]

The zero-gap design for alkaline electrolyzers was first introduced by Zdansky-Lonza in the 1950s [17]. Fun-
damentally, this means that there is no interelectrode gap (zero-gap) between the electrodes with the exception
of the diaphragm thickness. It results in a smaller ohmic resistance between the electrodes, and consequently
larger current densities at lower overpotentials (losses) are possible. In addition, a zero-gap design favors a more
compact cell and subsequently leaves a smaller footprint compared to traditional designs.

In practice, however, a minor gap between the electrodes is desired to allow bubbles to escape freely and not
get trapped between the electrode and diaphragm. Refs. [18] found that for flat plates without holes, there is
an optimum distance between electrodes to minimize the overpotential. At large current densities, it was found
that a distance of at least 2 mm between the electrodes was necessary to minimize the overpotential and that
at smaller gaps, the resistance increased due to larger void (gas) fraction between electrodes. However, at low
current densities, it was observed that the overpotential continued to decrease as the gap narrowed. The gas-void
fraction was rather low, which explains why the overpotential was not significantly impacted by the smaller gap.
In addition, it was observed that the overpotential also increased with the height of the plate. This results from
an increase in bubble build-up at uniform mass flux on the upper side of taller electrodes, resulting in a larger gas
void fraction [18]. As a result, for taller electrodes, a higher overpotential is required. For perforated electrodes
in a zero-gap, Refs. [19] found that a distance of 0.2 mm between the electrodes sufficed to reduce the ohmic
losses due to bubbles. Perforations in the electrodes facilitate bubble transport, which ultimately leads to reduced
bubble resistance.

2.1.3. Thermodynamics

The reactions in Equation 1.1 can only occur if a sufficiently large potential difference is applied. This results
from the fact that the electrochemical reaction of water electrolysis is thermodynamically unfavorable. For a
chemical reaction, the required energy can be calculated with the Gibbs equation as shown in Equation 2.2.

AHy = AGo + ToASy 2.2)

where, A Hy is the change in the standard enthalpy of formation, which is also known as the total required energy.
A Hy for water electrolysis is equal to 286.03 kJmol!. AG) is the change in standard Gibbs free energy and
forms the electric energy demand for the reaction. AG) is also the minimum required potential for electrolysis,
which means that below this potential, hydrogen production is impossible. In addition, this potential represents
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Figure 2.2: Energy demand (a) and cell potential (b) for electrolysis as a function of temperature [21].

the reversible thermodynamic work, i.e., the useful work that can be recovered when the reverse reaction takes
place.

AS is the change in entropy. The entropic term represents the thermal part of the equation and represents
the phase transition of the liquid reactant (H,O) to the gaseous products (H; and O5) [20]. The thermal heat input
can originate from a heat source or can be provided electrically (ohmic heating). The change in entropy A S for
water electrolysis at standard conditions is equal to 0.163 kJ K! mol!. With the given values, the change in the
Gibbs free energy can be calculated with Equation 2.3.

AGy = AHy — TyAS,

2.3
= 286.03 — 298 x 0.163 = 237.46 kJ mol! 3)

Therefore, the electrolysis potential required consists of an electric part (AG) and a thermal part (I’AS). In
Figure 2.2a, the relation between AH, AG and T'AS is shown. It appears that as the temperature increases,
the thermal energy demand T'AS increases. As a consequence, the required demand for electrical energy AG
is reduced; that is, it is necessary to provide less electrical energy at elevated temperatures, which can also be
interpreted as higher electrical efficiency. However, one needs a heat source (e.g. waste/solar/geothermal heat)
to achieve such high temperatures.

Once sufficient heat is provided so that the standard enthalpy of formation A H is established, the reaction can
continue. The corresponding potential (voltage) is defined as the thermoneutral potential, because the reaction
does not consume or release thermal energy at this potential. This definition could be misleading because, in
reality, the reaction consumes heat up to the thermoneutral potential and thus is endothermic between the minimum
and the thermoneutral potential. The thermoneutral potential Uy, for water electrolysis can be calculated with
Equation 2.4.

B AH,
nkF
286.03 kI mol™!

= = 148V
2 x 96485 C mol! 8

Utn =
2.4)

When a greater potential than the thermoneutral potential is provided, the excess potential will not be con-
sumed, but will be released as heat and, therefore, the reaction becomes exothermic. Similarly, the same equation
can be used to calculate the potential that is related to the Gibbs free energy (AG). At standard conditions, AG =
-1.23 V. The voltage required for hydrogen production as a function of temperature is shown in Figure 2.2b. This
figure shows that between the equilibrium voltage (AG) and the thermoneutral voltage, the reaction is endother-
mic, while above the thermoneutral voltage it becomes exothermic.
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2.1.4. Overpotentials

In subsection 2.1.2, the term overpotential was introduced for the first time. An overpotential represents the
driving force of a chemical reaction [10]. The minimum theoretical cell potential at standard conditions is -1.23V.
However, due to inefficiencies and kinetics, the cell potential is slightly larger in practice. The overpotential is the
term for this additional necessary potential. The total overpotential consists of 3 contributions, which are shown
in Figure 2.3.

3.0

Ueer (V)

/

0.5 l.U 1.5 2.5 3.0
Current density (A m?2)

0.5

Figure 2.3: The total overpotential consist of 3 terms; the cathodic and anodic activation overpotential, and the ohmic overpotential.
The total overpotential 7y can be expressed as:

Ttot = Ucell - Ueq = Nact,a + Tact,c + Tlohmic (25)

where U and U, are, respectively, the cell potential and the equilibrium potential. 7,cia and 7cc are the
activation overpotentials at the anode and cathode, respectively, and 7onmic iS the overpotential due to ohmic
resistances. The sum of the activation terms can be calculated with the Tafel equation, given in Equation 2.6,
which relates the reaction rate of the electrochemical kinetics to the potential.

Moot = blog(<) 2.6)
Jo
where jj is the exchange current density and b the Tafel slope. These parameters can be obtained experimentally
by evaluating the voltage-current characteristics. Further information on the activation overpotential mechanisms
and how Tafel parameters are obtained is covered in Appendix A.
The ohmic overpotential 7jmmic 1S caused by ohmic resistance. The ohmic resistance can be classified into
electrode, diaphragm, electrolyte, and bubble resistances. With the resistances known, the ohmic overpotential

can be determined using Ohm’s law:

v B 2.7)
J

With all the overpotential terms known, Equation 2.5 can be expressed as:

mm—bbd )+JR (2.8)
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2.1.5. Cell configuration

Industrial electrolyzers can have dozens of cells that are densely packed together by large, long bolts. The elec-
trodes inside the cells are electrically interconnected. In general, water electrolyzers are classified into two types
of electrical configurations, namely the monopolar and bipolar configuration [10]. Schematic illustrations of both
arrangements are shown in Figure 2.4.

®

N T ] ] 0, + electrolyte
Oz | Hy [O;| W] O3 | H:]0; | Hi] O] — @ s H, + electrolilf
YYD Y Y LACICCICIC D
sl B R I IR v [ L | et e di | ol | Gl
] 1 ) 1 ' 1 1 ' 1 ] [ 1 ]
' 1 1 ] ' i 1 L] ] [} ' 1 1
MiM|M|M|[m|M | m|m @ — M B LB , B @
L ot i . = 1 ] [ ] i
) 1 I L] I [ ] 1 1 1 1 i 1 1
. . 1 ] (R (] - (- M M M M M
' ' | ' ' ' 1 ] ' " 5 . i
=1 I (A [N (R (R 5 [ e
[T ey

-—

M = membrane B = bipole
(@) (b)

Figure 2.4: Monopolar (a) and bipolar (b) configuration of a water electrolyzer stack [21]

A monopolar (unipolar) configuration implies that electrodes have a single (mono) polarity on both sides of
the electrode surface. For example, a cathodic electrode will produce hydrogen on both sides of the electrode.
As shown in Figure 2.4a, anodes have a parallel connection to the positive terminal of the power supply while
the cathodes are connected in parallel to the negative terminal of the power supply. In addition, the total voltage
is equal to the voltage in each individual cell, while the total current is equal to the sum of the current in each
individual cell. A stack consisting of multiple cells for larger power inputs (order of hundreds of MW) results
in higher current flow (thousands of amperes) and therefore higher current (ohmic) losses compared to a stack
connected in series [21].

In contrast to the monopolar setup, a bipolar configuration consists of electrodes with opposite (bi-) polarities
on each side of the electrode. As shown in Figure 2.4b, the electrodes are connected in series with each other,
which means that the total current in the stack is equal to the current through each individual cell. The bipolar
stack can operate at higher voltages but at substantially lower currents than the monopolar stack, resulting in
significantly lower ohmic losses [22]. Moreover, less voltage conversion, and thus fewer transformers, will be
required from an operational point of view.
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2.2. Shunt currents

A common issue in electrolyzer stacks is the so-called shunt current, sometimes also referred to as leakage cur-
rents, bypass currents, or parasitic currents in the literature. A shunt current is defined as an ionic current that
flows from one cell to another not through the diaphragm, but through the feed or exhaust manifold, bypassing
neighboring cells where it is supposed to flow [23]. This shunt current is caused by the conductive electrolyte
that also flows through the manifolds. Figure 2.5 depicts a schematic illustration of how a shunt current flows
in a stack. When the hydraulic resistance through the diaphragm becomes greater than that through the manifold
channels, the hydroxide ions will prefer to flow through the latter. As there is less or no electrolysis that will
take place in the bypassed cells, a part of the stack will become less active, reducing the total stack efficiency.
Furthermore, shunt currents might cause the cathode and anode to be switched, which can lead to electrode cor-
rosion and hence damage the stack. Switching the anode with the cathode and vice versa can also result in a
situation where the gases are produced in the same cell, leading to possible explosion hazards [23]. Therefore,
to achieve maximum stack performance and safety, the stack should be designed in a way that the shunt currents
are minimized or, preferably, prevented. Models that could predict these shunt currents could provide critical
insights for electrochemical cell design.

CELL | ||CELL 2 CELL i CELL n

@[t~ i e

7 |
)7, M D | S —

Figure 2.5: Schematic representation of how a shunt current flows via the manifold. For the sake of simplicity, only the feeder (inlet)
manifold is shown. The header (exit) manifold can be represented equivalently [24].

o o e s |

Numerous studies provide suggestions on how to calculate the shunt currents in an electrolyzer stack. Refs.
[25], for instance, suggest that the bypass current for a bipolar stack can be theoretically calculated. First, the
sum of the individual potential difference for each cell in the stack is taken:

k=N
Uv=> U (2.9)
k=1

Next, a linear current-voltage relationship is assumed for each cell in the stack, which gives:

b

=N
Uy = (Uo + Reik) (2.10)
k=1

where U is the equilibrium potential, R, is the cell resistance and i is the current. Furthermore, it was assumed
that Uj and R, are equal for all cells, so that they can be excluded from the summation.

k=N
Uy =NUo+ Re » ik (2.11)

k=1

This relation is compared to the theoretical potential when there is approximately no shunt current flowing:

NU, = NUy + NRei 2.12)
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The bypass current ratio gives an indication of the current portion that leaks through the manifolds and is defined
as:

Niy — S i
Niy
From Equation 2.11, 2.12, 2.13, an expression can be obtained to determine the bypass current from the current-

voltage relationship. According to this paper, the bypass current in a stack can be calculated based on the bypass
current in a single cell.

W= 2.13)

b= NU, — Uy
~ NU, — NU,

Refs. [26], on the other hand, approached the electrochemical cell as an electrical network, as illustrated in Fig-

ure 2.6. Electrolyte pathways were considered as electrical resistances. However, compared to the channel

resistance, the manifold resistances were assumed to be insignificant enough to be neglected. Individual resistors
were calculated with Equation 2.1, where the channel dimensions are involved.

(2.14)
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After simplifications of the resistance scheme, the following expression for the shunt current ratio was ob-
tained:
B

¥=5(V 1)

where [ is the ratio of electrical resistance through the electrochemical cell to electrical resistance through the
bypass conductive pathway. It gives an indication of how likely shunt currents will occur in a cell. IV is the total
number of cells, and it should be noted that the shunt ratio increases quadratically with N. More information

on shunt current calculation and graphical representations of shunt currents in manifolds and cell channels is
provided in Appendix B.

(2.15)
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2.3. Bubble flow

During alkaline water electrolysis, bubbles are produced on the electrode surface. As a result, multiphase flow
is present along the electrode surface and outlet manifolds. Therefore, it is necessary to comprehend the bubble
behavior within a liquid. The mechanisms and flow regimes of bubbly flows will be covered in this section.

2.3.1. Bubble evolution and coalescence

There are two ways for bubbles to evolve [27]. In the first method, a single bubble detaches from the electrode
surface, remains enclosed in the bubble layer, and continues to evolve as it diffuses into the bulk. In the second
technique, a bubble that has separated and begun to ascend will collide with surrounding gas bubbles, enlarge
even more and jump towards the bulk. The process by which bubbles coalesce consists of three steps. Firstly,
two bubbles collide and trap a thin liquid layer between them. Second, the liquid film drains until it can no longer
withstand the attractive forces between the bubbles. Finally, the bubbles will burst, coalesce, and subsequently
larger bubbles will form. Coalescence will occur only if sufficient time is allowed for the film to drain to a
critical thickness where bubbles can rupture. Refs. [28] assumed that in addition to the diffusion and coalescence
regions, there is also an adherence region at the electrode surface, where bubbles are stuck or extremely close to the
electrode surface. Typical bubble regions (e.g., coalesce, diffusion, and adherence) are illustrated in Figure 2.7.
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Figure 2.7: Bubble regions at the electrode surface [28].

2.3.2. Hydrodynamics

In electrochemical cells, bubbles are generally not desired due to their contribution to cell inefficiency. They
take up space on the electrode surface, making it difficult for liquids to reach and pursue the reaction. However,
bubbles can also enhance mass transport as a result of their hydrodynamic behavior. The effect of bubbles on
hydrodynamics can be described by three models [28]. The first model is the penetration effect, in which a
rising bubble leaves a mixing momentum (wake) behind in the flow, improving the mass transfer. The second
model is the micro-convection effect, which occurs when a growing bubble pushes fluid in all directions around
the electrode surface, resulting in a flow. Micro-convective flow dominates in stagnant flow (i.e., no forced
circulation). The final model is the macro-convection effect, in which ascending bubbles encourage flow and
improve mass transfer. Since mass and heat transport are often inextricably linked [29], bubbles also help remove
heat from exothermic processes. Different bubble behaviors appear in laminar, turbulent, and buoyancy-driven
flow regimes. [30]. Flow patterns of the different regimes in vertical cells are shown in Figure 2.8. It is expected
that, by applying forced flow, bubbles will be swept from the surface faster, resulting in a smaller ohmic drop in
a cell. Refs. [31] found that applying a flow had a large and positive impact on the cell voltage. Similarly, Refs.
[32] observed experimentally that bubble coverage strongly decreases as vertical liquid flow velocity at vertically
placed electrodes increases. Refs. [33] investigated the relation of cell voltage and flow rate for an electrolysis
cell, containing a platinum anode and carbon cathode in a 8 M KOH solution. A drop in cell voltage of at least 150
mV was observed for current densities higher than 5 mA/cm? and flow rates of at least 1.5 mL/s. Nevertheless,
Refs. [34] noticed small to no reduction in the ohmic drop in the cell containing nickel plates in 0.5 M KOH. It
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was observed that at current densities of 0.75 mA/cm? and 200 mA/cm?, and a Reynolds number of 2521, bubble
sizes were drastically reduced. However, the reduction in cell voltage was insignificant, due to the still existing
gas layer on the electrode surface.
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Figure 2.8: Flow pattern of different flow regimes in vertical cells; blocked convection on the left, free convection in the middle, and forced
convection on the right [29].

2.3.3. Potential-current dependency

Bubbles reduce electrolyte conductivity, making it harder for hydroxide ions to travel through. Consequently, this
will also lead to an increase in the ohmic resistance and an ohmic drop over the electrolyte. Increasing the cell
voltage might encourage to overcome the bubble resistance, but there may be adverse effects.

The applied cell voltage has an impact on both bubble formation and dispersion. As the cell voltage increases,
the current density also increases, and more bubbles will be generated at the electrode surface. The (normal)
superficial gas velocity at which bubbles depart from the electrode surface at a given current density j, can be
calculated using Equation 2.16 [35]. The superficial velocity is an artificial flow velocity that assumes that the
given phase is the only one flowing or present.

Vi
nkF

Uy = ] (2.106)
where u, is the superficial gas velocity, j is the current density and V, is the molar volume.

At sufficiently high current densities, supersaturated electrolyte may form [36]. As a result of high supersatu-
ration, the diffusion coefficients inside the gas layer will drop, causing dissolved gases to be transported away at a
much slower rate. Consequently, heat, generated as a result of larger electrical resistances, will begin to accumu-
late, inducing an increase in temperature in the solution. However, there is a transition region in which the current
density drops as the cell voltage increases further [36]. The higher cell voltage in this transition region will result
in higher temperatures at the electrode-electrolyte interface. Once the temperature at the electrode surface reaches
the boiling point of the water, evaporation of the water will begin at a constant temperature. Subsequently, the
contact area between the electrode and the electrolyte will increase, resulting in a decrease in the current density.
By increasing the potential even further, the transition region will fade into a “film electrolysis” region, in which
the electrode is covered by a film of water vapor. Charge is transported by ions, and electrolysis takes place at
the gas-liquid interface. Since the electrode is thermally isolated due to the gas layer, the temperature will rise
by hundreds of degrees Celsius. The maximum current density for water electrolysis is therefore constrained
by the occurrence of film electrolysis. However, this phenomenon will be less significant for vertically placed
electrodes, because the electrolyte flow will force the bubbles away from the surface.

Ref. [34] investigated the bubble formation as a function of applied cell voltage in AWE. It was found that
as the cell voltage increased, the critical diameter for detachment also increased. Furthermore, it was observed
that as the cell voltage increased, the number of bubbles detaching also increased. However, the critical diameter
decreased with the electrolyte concentration. Refs. [37] investigated the temperature in the bubble zone as a
function of cell voltage. Temperature was observed to increase drastically when cell voltage also increased. The
temperature measured on the electrode reached the boiling point of the electrolyte in the coalescence region.
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2.4. Scaling for the channel resistance
In addition to providing a passage for hydrogen gases created in the cathodic chambers to escape, the outlet chan-
nels also allow hydroxide ions to pass through. Therefore, both the electrical resistance and the flow resistance
are significantly influenced by the channel dimension.

A scaling for the electrical resistance can be derived using Equation 2.1. The channel is rectangular in shape,
thus the cross-sectional area scales with the width w and height & of the channel. Equation 2.1 becomes:

L

_ 2.17
whk ( )

Retectric =
where [ is the length of the channel and « is the electrical conductivity of the electrolyte flowing through the
channel. When w = h, Equation 2.17 becomes:

L

= 2.18
e (2.18)

Relectric =

As the electric resistance and hydraulic resistance are analogous, the hydraulic resistance may be computed

using Ohm’s law for the electrical resistance. The pressure drop can represent the voltage drop, and the electrolyte
flow rate can be used to represent the current flow, as shown in Equation 2.19

A
Rhydraulic = Tg (219)

The Hagen-Poiseuille equation is used to find an expression for the hydraulic resistance. The Hagen-Poiseuille
equation can be derived from the Darcy-Weisbach equation [38], which is given by
Ap p u?
o A 2.20
7 =g Dn (2.20)
where Ap is the pressure drop, f is the friction factor, p is the density, u is the flow velocity and Dj, is the hydraulic
diameter. For laminar flow in a circular pipe, the friction factor f is % where Re is the Reynolds number, which

is equal to 2“2 The electrolyte flow rate is given b
q m y g y

D2
Q=""hy 2.21)
4
Substituting Equation 2.21 into Equation 2.20 and eliminating u, the Hagen-Poiseuille equation is finally found.
Ap 128 u@
—_— = — — 2.22
L m D} (2.22)
The hydraulic resistance then becomes
128 w+h
Rhydraulic = —ulL m (223)
The hydraulic diameter for a rectangular duct is defined as % For the case where w =~ h, the hydraulic
diameter scales with the channel height h:
128 pL
Rhydrautic = — /;7 (2.24)

It is desired to maximize the electrical resistance in order to reduce the shunt current, and to minimize the
hydraulic resistance to increase the flow rate. However, as shown above, the channel dimensions contradict each
other in terms of requirement. Equation 2.17 shows that if the channel height is decreased by a factor 2, the
electrical resistance increases by a factor 4 while the hydraulic resistance increases by a factor 16.



Materials and Methods

This chapter outlines the upscaled electrolyzer design, components/supplies and the experimental procedures that
were used.

3.1. Electrolyzer design

A larger and improved version of the zero-gap electrolyzer prototype, which was briefly mentioned in chapter 1,
was developed to produce more hydrogen. A concise evaluation of the prototype is included in Appendix C.
Initially, an electrolyzer stack was designed in SolidWorks as shown in Figure 3.1a. The electrolyzer is tightened
with 18 M8 bolts and 6 M5 bolts. A single intake at the bottom allows the electrolyte to enter and simultaneously
fill the cathodic and anodic compartments. Electrolysis occurs on the electrode surface inside the compartments.
The gases created ascend and are guided through separate channels before exiting the electrolyzer, as shown in
Figure 3.2a and 3.2b. Compared to the prototype, this design has a vacant space above the electrodes, which
serves as a buffer zone for the bubbles to gather. The goal of this buffer zone is to avoid bubbles from covering
the electrode surface. In addition, stainless steel plates were used as outer frames to distribute the compressive
stress on the PMMA end plates more uniformly. To investigate channel clogging, a stack consisting of a single
cell was used. An exploded view of a single cell is shown in Figure 3.3. The parts have numbers assigned to
them, and the functions are outlined in Table 3.1.

..................... 1

H,0 + KOH

(@) (b)
Figure 3.1: A rendering of the zero-gap electrolyzer stack containing 5 cells (a). The width w is 180 mm, the height h is 300 mm, and the

thickness t is 65 mm. The manifolds are shown as dotted lines. Electrolysis takes place inside the compartments where the electrodes are
located. The built electrolyzer containing a single cell is shown in (b).

15
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(@) )

Figure 3.2: Top section of the cathodic chamber showing the slanted clamping block (a). The slanted clamping block directs the bubbles
and electrolyte toward the exit channel at an angle of 13 degrees (b). The channel is 2 mm high, 3 mm deep and 40 mm long.

Figure 3.3: Exploded view of a single cell. The parts until the electrode (number 8) are in mirrored order after the diaphragm (number 9).
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Table 3.1: Description of electrolyzer components.

Number | Component name Function

1 Reference electrode Measures the potential of the electrolyte at each manifold side.

2 Hose connector Connects hose to manifold inlet/outlet.

3 Stainless steel (SS) frame | Provides homogeneous clamping pressure over PMMA endplate.
SS is chosen due to its resistance to KOH and high yield strength.

4 PMMA endplate Closes the stack externally. Provides possibility to visualize the
generated bubbles inside compartments.

5 Viton™ Gasket Forms sealing between PMMA endplate (4) and PMMA plate (6).
Provides ability to visualize the bubble transport in channels.

6 PMMA plate cell Provides a compartment for cathode/anode.

7 Viton™ Gasket Sealing between PMMA plate (6) and electrodes (8).

8 Electrode Electrical conductor that makes contact with electrolyte
in order to perform electrolysis.

9 Zirfon Perl Membrane Separates produced gases in the compartments.
Sandwiched by the electrodes (8) and gaskets (7).

10 Slanted clamping block Clamps the membrane (9) in order to prevent deformation

from 3D-printed ABS due to flow during electrolysis. Secondary, it leads the gas

bubbles towards the outlet channel of the compartment.

The electrolyzer was also designed so that the reference electrodes can be mounted on the ends of the man-
ifolds. To reduce interference from bubbles in the flow that may affect the signal, we positioned the holes for
the reference electrodes perpendicular to the ends of the manifold and crosswise at the inlet and outlet of the
manifold. The difference in potential between these two reference electrodes can be measured with a voltmeter,
which subsequently can be calculated into a (shunt) current via Ohm’s law. Therefore, two reference electrodes
are supposed to be between the end points of each manifold. An illustration of the location of the reference elec-
trodes is provided in Figure 3.4. The inlet manifold is displayed at the bottom and the hydrogen manifold at the
top. The black arrows indicate the flow directions inside the manifolds. The red arrows illustrate the possible
pathways for the shunt current. The orange boxes represent the reference electrodes.
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Figure 3.4: Schematic of the reference electrode locations in a dual celled stack. The oxygen manifold, which would likewise be at top, can

be depicted similarly in a schematic.
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3.2. Electrodes

Five electrode types were investigated in our research. The types are listed below.

1. In the initial stage, we used electrodes with a perforated shape. The electrodes were laser cut from a 0.5
mm thick stainless steel plate of type 304.

2. Next, a change was made to a 316 SS-woven mesh to observe the performance of an alternative electrode
structure.

3. Subsequently, the SS-perforated plates and SS-meshes received nickel treatment for further investigation of
the electrode performance with surface treatment. Electrodeposition was used by Haveman B.V. to apply
a 6 micron thick nickel coating to the surface. It is expected that the treatment will merely change the
activation regime, leaving the electrical conductivity unchanged.

4. Finally, similar to the SS-plate, a nickel plate electrode was laser cut from a 0.5 mm thick 201-type nickel
plate. These electrodes had two flaps sticking out instead of only one flap compared to the previous elec-
trodes. The initial run used only one flap that was electrically connected. A second run was performed
with the two flaps interconnected by a copper wire, creating two parallel electrical connections to reduce
the ohmic resistance.

The perforated shape was achieved by laser cutting small holes in the electrode. After laser cutting, all plate
electrodes received a polish treatment with a #80 SiC foil from Struers. The flat shape of a (nickel) plate electrode
with 2 flaps is shown in Figure 3.6. Subsequently, the flat electrode plates were sandwiched between 3D printed
molds. The electrodes were given their final waved form by pressing the molds together using a vice. Figure 3.7
demonstrates how an electrode acquired its corrugated form. The waved design increased the electrode surface
area to volume ratio approximately by a factor of 1.25. The wide flap that sticks out forms the electrical connection
of the electrode.

All electrodes, except for the test cell, had equal shapes and therefore the same geometric surface area. A
single electrode had a geometric surface area of 8 cmx 9 cm = 72 cm? that contributed to the electrolytic reaction.
The electrodes in the electrolyzer were placed in an almost-zero-gap configuration. As the electrodes did not
exactly fit together, the distance between them fluctuated locally between 2 and 4 mm.
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Figure 3.5: The hole pattern in (a) the laser cut electrode from a 304 stainless steel plate and (b) the 316 stainless steel mesh.
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Figure 3.6: Electrode design with 2 flaps. The small holes in the flaps are connection points for electric leads with ring terminals.
Dimensions are in mm.

Figure 3.7: Electrode shaping with 3D-printed molds.

3.3. Equipment and experimental setup

KOH electrolyte was prepared with KOH pellets and milli-Q water. The KOH pellets used were from Sigma
Aldrich™ which have a >85% purity rating. Because the preparation of a KOH solution involves an exothermic
process, a batch of electrolyte was prepared at least one day in advance of the experiments. Electrolyte at room
temperature and with a concentration of 6M was used for all experiments.

The thermocouples that were used were Type K. A single thermocouple was immersed in the electrolyte
reservoir and 4 thermocouples were installed on the single cell electrolyzer stack. Two of these thermocouples
were installed on the cathode side, whereas the other two were installed on the anode sides of the compartments,
one on each side. The probes in the electrolyzer were placed exactly above the electrodes because the reaction
heat was carried away vertically. The 0.5 mm diameter and 100 mm long probes allowed them to be sandwiched
between two gaskets that faced each other (as numbers 7 in Figure 3.3).

A PUMPDRIVE PD5006 Heidolph peristaltic pumping device was used to pump the electrolyte through
the electrolyzer. The average flow rate was measured experimentally. The electrolyte was pumped into the
electrolyzer, and the liquid level was monitored with the high-speed camera. Since the liquid flow velocity in the
compartment was known, the flow rate was calculated by multiplying the liquid velocity, which is in our case
equal to the superficial liquid velocity, by the flow-through area. This was done on both sides of the electrolyzer.

A Delta Elektronika SM 15-200 D power supply was used to regulate the potential. The voltage was measured
with a Plieger Basic multimeter with an accuracy of 0.01 V. To measure the current, a VC-330 AC/DC miniclamp
meter was used. The accuracy of the clamp meter was 0.01 A.

A microscope camera was used to capture the bubble distribution. The microscope camera employed was
a 38 MP FHD Camera V6 with a mounted microscope objective that can go up to a magnification of 100x. In
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Figure 3.8: The cathodic side of the electrolyzer with thermocouples attached from the sides. The probes (illustrated with green circles)
reach the compartments inside the electrolyzer cell. The left probe was at the outlet side of the compartment.

addition, a 1 MP Nova Fastcam series by Photron camera was used to capture high speed videos of the moving
bubble layer. The camera was equipped with a 1:1 macro lens with a 105-mm focal length and an /2.8 maximum
aperture. The 950 lumen Brennenstuhl LED panel was utilized to illuminate the bubbles.

The H; and O, gases formed were separated from the electrolyte by self-made gas-liquid separators before the
gases were released into the atmosphere. The gas-liquid separators were made from a syringe without a cap. A
hole was drilled from the side where gas and liquid from the electrolyzer could enter. Another hole was drilled at
the bottom of the syringe where the liquid could flow back to the reservoir. Each electrolyzer outlet was directly
connected to the gas-liquid separator by silicon hoses. The experiments were performed inside a fume hood where
the gases were released. The gas-liquid separators were placed 0.5 m from each other to minimize the risk of
gaseous mixtures. It was calculated that at a current density of j =400 mA/cm?, the hydrogen production would
be approximately 10 Liters per hour. Because hydrogen is a lighter gas, it would be sucked up by the ventilation
system of the fume hood. A picture of the setup inside the fume hood is shown in Figure 3.9 and a schematic
view is provided in Figure 3.10.

Figure 3.9: The experimental setup inside the fume hood. The electrolyte reservoir can be seen in the background. The syringes affixed on
the stands serve as the gas liquid separator. The electrolyzer is shown on the foreground.
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Figure 3.10: Schematic of the single-intake and single-cell electrolyzer in the intended electrolysis setup that is shown in Figure 3.9.

3.4. Characterization
Experiments were conducted to characterize electrochemical behavior, as well as flow at atmospheric pressure,
room temperature, and with 6M KOH electrolyte.

3.4.1. Electrochemical

The characterization of the performance of the electrolyzer is determined by performing an /-V test. During this
test, a potential difference was applied by a power source between the electrodes. A voltage of 1.50 V, which is
roughly the thermoneutral voltage, was applied initially and gradually increased with increments of 0.05 V until
higher current densities were achieved. The highest applied current density was 450 mA/cm?, which, for the given
electrode surface areas, corresponds to a total current of approximately 32.4 A. While the applied potential was
measured with a voltmeter, the current was simultaneously measured with an ammeter. IV curves were obtained
for various electrode materials and shapes. Tafel slopes for the different electrodes were then calculated and listed
in a table.

3.4.2. Flow

The channel blockages only took place at the cathode side. As a result, a high-speed camera and a microscopic
camera were used to capture videos only on this side. Subsequently, the video frames were qualitatively analyzed
with image processing tools to characterize the flow. When clogging occurred, the video frames,as shown in
Figure 1.3, were analyzed for flow characterization based on the following three parameters: :

* The bubble size distribution.
» Average velocity of the bubble layer at the slanted top.

* Flow regime in which clogging occurs.
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Bubble size distribution

Finding the bubble size distribution is necessary since it will reveal how the bubbles are scattered when channel
congestion occurs. For this purpose, only the bubbles at the tilted top of the electrolyzer were subjected to inspec-
tion. This is because during the operation, a large number of hydrogen bubbles were created in the compartment,
which caused the electrolyte to become highly cloudy around the electrode surface. The microscope videos were
captured with a frame rate of 60 frames per second and in Full High Definition (FHD) resolution. The videos were
taken at a distance of approximately 10 cm from the PMMA end plate using the microscope. Due to limitations
of the camera lens, only bubbles with diameter greater than 0.15 mm were taken into consideration. The video
viewer function in Matlab was used to inspect the recorded videos frame by frame. Frames were selected based
on the sharpness and the moment at which the clogging occurred. The chosen frames were then further analyzed
with the image processing program ImagelJ in which all bubbles were encircled manually. The script output was
a matrix with the x-y coordinates and the radii of the identified bubbles, all measured in pixel units. The pixels
were then converted into metric units of length with a conversion factor. A scale, which was printed and attached
to the PMMA end plate, was used to calculate the conversion factor. One pixel equaled 0.0216 mm. The bubble
diameter distribution plots were then generated using the data collected from ImageJ.

Bubble layer thickness and velocity
The velocity and thickness of the bubble layer provide valuable information on the probability of clogging. Un-
derstanding how the bubble layer develops and how different flow rates affect it is crucial. The peristaltic pump’s
rpm knob is used to adjust the flow rate. To determine the velocity of the bubble layer, a high-speed video (HSV)
was captured. These video frames were used to divide the distance traveled by a single bubble by the time it took
to reach its destination. Figure 3.11 shows an example of a single bubble tracked. The thickness of the bubble
layer was measured using ImagelJ software, which converts pixels to absolute length. The thickest point of the
bubble layer, which is close to the outlet channel, was measured as shown in Figure 3.11a. The HSV was captured
using a 1 MP high-speed camera at 125 fps at a distance of approximately 30 cm from the PMMA end plate. One
pixel equaled 0.081 mm.

In addition, thermocouples were used to monitor the liquid temperature and assess the difference in flow rate
between the anodic and cathodic compartments without using flow meters. Significant temperature differences
between the anode and cathode indicate that the electrolyte may prefer to flow through one of the compartments.

(a)t=0s b)t=02s

Figure 3.11: (a) Maximum hydrogen bubble layer thickness indicated with a yellow arrow and the initial state of a bubble being tracked
(red circle) and (b) the displacement (indicated as a red arrow) relative to the initial state at different time points.

Slug flow regime

To map the conditions in which blockages occur, it was essential to identify the flow regimes in which clogging
takes place. The key parameters in this experiment were the superficial liquid and gas velocities. To vary the
superficial gas velocity, and thereby the current density, which is directly proportional to the gas velocity, the
current density was changed during the experiments, as shown in Equation 2.16. Before each run, the superficial
liquid velocity was adjusted by varying the pump flow rate. The current density was gradually increased until no
clogging was visually observed. At this point, the corresponding parameter values were recorded, and a plot was
generated, with the superficial gas velocity plotted against the superficial liquid velocity.



Results

4.1. Electrolyzer characteristics
Figure 4.1 shows the j-J data points for several electrode materials. The graph shows what the voltage is for a
given current density. The fitted curves are made using Equation 2.8 as a custom equation in Matlab.
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Figure 4.1: Selected j-V-curves of the electrolyzer for several electrode materials. The experiments were performed at room temperature,
atmospheric pressure and with 6M KOH. The lines represent the fits made with Matlab.

The steep slope of the meshes in the electrolyzer indicates a higher ohmic resistance compared to other struc-
tures. The nickel-coated SS-mesh shows a vertical shift in the curve but with an unchanged slope, which is
expected. On the other hand, the nickel-coated SS-plate exhibits improved conductivity compared to the SS-
mesh due to the increased electrode thickness, resulting in reduced electrical resistance. The use of a nickel plate
electrode, which has material characteristics superior to those of stainless steel, shows a smaller slope. Moreover,
interconnecting the two flaps of the nickel plate with copper wires results in a further decline in slope, indicating
the significant role of ohmic resistance in the current distribution across the electrode surface.

Equation 2.8 was used to determine the exchange current density jo, the Tafel slope b, and the ohmic resistance
R for the electrode configurations. Table 4.1 shows the coefficients for the different configurations.

According to Table 4.1, a mesh electrode exhibits a higher resistance than a plate electrode with identical
shape dimensions. This is likely due to poor surface contact between the woven strands in a mesh, which leads
to higher contact resistance. Furthermore, an increase in electrode dimensions results in a significant increase in

23
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Table 4.1: Parameters for different electrode materials. 7y is the exchange current density, b is the Tafel slope, R is the ohmic resistance and
R-square is the proportion of the variance of the fit.

Electrode jo (A/lem?) | b (mV/dec) | R (Q2cm?) | R-square
SS-mesh 0.035 210 17.86 0.9961
SS-mesh Nickel coated 0.025 170 17.36 0.9982
Laser cut SS-plate nickel coated 0.017 180 5.992 0.9952
Laser cut nickel plate 0.0165 170 3.105 0.993
Laser cut nickel plate with two flaps interconnected 0.03 170 1.522 0.9837

resistance for woven meshes. This happens because electrons must travel a longer distance. Additionally, a long
flap that serves as an electrical connection point contributes significantly to the total resistance of the system.
The total resistance for a single flapped nickel plate electrode can be seen in Table 4.2, which was obtained
using Equation 2.1. The table shows that the ohmic resistance for a woven mesh is approximately 3 times larger
compared to a plate structure. It can also be seen that the 6 micron nickel coating reduces the Tafel slope by
approximately 40 mV/dec, while the ohmic resistance remains the same. The difference in tafel slope between a
nickel-coated electrode and a nickel-coated SS-plate is approximately 10 mV/dec, which might be attributed to
inacurate laser cut meshes. It is plausible that the meshes were warped during laser cutting, resulting in a laser
cut that was not exactly the intended shape. Finally, the table shows a difference in ohmic resistance when a
second flap is connected to the first one by a copper wire. The overall resistance was reduced by a factor of 2,
suggesting that the design of the electrodes has a significant impact on the total ohmic resistance. More flaps
would likely further decrease the ohmic resistance at the expense of adding additional (valuable) components to
the electrolyzer assembly.

The total resistance of a single electrode can be divided into two components, namely the flap resistance and
the reactive electrode surface resistance. The calculations were performed under the assumption that the current is
uniformly distributed over the reactive electrode surface. The proportion of the component resistance is presented
in Table 4.2.

Table 4.2: Calculation of the ohmic resistance for the flap and the reactive surface of a nickel plate electrode. The flap occupies a large part
of the total resistance of the electrode.

Flap Reactive surface electrode

Dimension | Units Dimension Units

Thickness 0.5 mm 0.5 mm

Length 80 mm 80 mm

Height 7 mm 90 mm

Electrical resistivity 85x 10% | Om 8.5x 108 Qm
Porosity 0 ) 0.5 )
Resistance 1.94x 1073 Q 4.74x 10 Q

Total resistance 2.37x 103 Q
Percentage of total resistance 81.9 % ‘ ‘ 18.1%

From the calculated electrode resistance values it can be inferred that a considerable portion of the total
resistance is caused by the long flap, which accounts for the steep slopes in the ohmic regions of all electrodes.
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4.2. Flow characteristics

This section will cover the results of the experiments to characterize the flow during clogging. We will first look
at the bubble size distribution when clogging occurs.

Bubble size distribution

During clogging, the bubbles were captured and their sizes and distributions were evaluated. To get a bubble
size distribution, we encircled the bubbles manually with ImagelJ. The result of bubble encirclement is shown
Figure 4.2a and Figure 4.2b when clogging was expected to occur at 17.5 mA/cm? and 45.6 mA/cm? respectively.

(b)

Figure 4.2: Encirclement of bubbles when blockage of the channel occurs at (a) j = 17.5 mA/cm? and (b) at j = 45.6 mA/cm?. The flow
rate is 1.6 ml/s. The bubbles are encircled manually with ImagelJ. The size of the larger uncircled bubbles are more than three times the
height of the channel.

The larger bubbles, which eventually led to the restriction of the exit channel, were not encircled because they
make the distribution wider and more obscure. The scale on the left side of the figures indicates that the sizes of
these large bubbles are approximately three times the channel height. The encircled bubbles of both images are
translated into bubble size distributions, which are shown in Figure 4.3 and Figure 4.4 respectively.
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Figure 4.3: The bubble size distribution that belongs to Figure 4.2a. Current density j = 17.5 mA/cm? at a flow rate of 1.6 mL/s. The fit
follows a lognormal distribution.
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Figure 4.4: The bubble size distribution that belongs to Figure 4.2b. Current density j = 45.6 mA/cm? at a flow rate of 1.6 mL/s. The fit
follows a lognormal distribution.

The graphs reveal that the distributions are skewed to the right and the bulk of the data is concentrated around
the mean of the logarithm of the bubble sizes, which is typically described by a lognormal distribution as shown
in Equation 4.1 [39].

—(log = — 11)2
yzf(xm,o):w\l@exp{ (ogz —p)” . @4.1)

where z is the diameter of the bubble, p is the mean of the logarithmic value and o is the standard deviation of
the logarithmic values.
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w1 and o can be calculated with the mean m and variance v of the distribution:
2

m
p=logl =)

o= 1/10g(#+1)

The fit parameters for the two distributions shown above are given in Table 4.3. According to the fitted curve,

4.2)

Table 4.3: Coefficients of Equation 4.1 for the bubble size distributions shown in Figure 4.3 and Figure 4.4.

Distribution for j (mA/cm?) | Number of detected bubbles u o
17.5 597 -1.047 | 0.438
45.6 465 -1.021 | 0.476

the absolute mean size of the bubbles was about 0.4 mm at the point of channel blockage. This mean bubble size
is 5 times smaller than the channel height, which was 2 mm. However, certain extremely high values that exceed
the channel height also appear. To clarify what the volume occupied by these large bubbles is, the volume fraction
distributions that belong to the bubble size distributions are provided, respectively, in Figure 4.5 and Figure 4.6.
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Figure 4.5: The volume fraction distribution of Figure 4.2a as a function of bubble diameter. The volume fractions are relative to total
volume of the bubbles. Current density j = 17.5 mA/cm? at a flow rate of 1.6 mL/s.

It can be seen that large but irregular bubbles occupy approximately 15 to 40% of the total bubble volume
present in the bubble layer. Bins on the left side typically have volume fractions that are no higher than 0.06.
With the bubble volume fraction quantified, we now explore the bubble size distribution as a function of height.
As shown in Figure 4.2a and 4.2b, the bubble layers are triangular in shape. This triangle is divided into four
vertical zones of equal heights, as depicted in Figure 4.7 for further analysis of the bubble distribution.

The height of each region is specified relative to the thickness of the bubble layer. Figure 4.8 shows the bubble
size distribution per region for Figure 4.2a. The y-axis gives the percentage of the bubble range that is present
in the respective region. As can be observed, the lowest zone often has the smaller bubbles, and as we move
upward through the zones, larger but fewer gas bubbles are present. The graph also demonstrates that bubbles
with diameters less than 0.40 mm are typically found in the bottom section, but are absent in the top. The upper
areas are mostly crowded with bubbles ranging in size from 0.40 to 0.60 mm. A similar trend is found when we
look at Figure 4.9 which shows the bubble size distribution as a function of height for Figure 4.2b. which is. The
bottom region contains mainly bubbles that are smaller than 0.40 mm, whereas the bubbles increase in size as we
get to higher regions. The top region now contains more bubbles that are larger than 0.70 mm.
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Figure 4.6: The volume fraction distribution of Figure 4.2b as a function of bubble diameter. The volume fractions are relative to total
volume of the bubbles. Current density j = 45.6 mA/cm? at a flow rate of 1.6 mL/s.
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Figure 4.7: Illustration of subdivided zones in the bubble layer.

On the basis of the distribution of the bubbles and their sizes, we may conclude that the rising bubbles from
the electrode surface are smaller than the channel height, which suggests that it is less likely that these bubbles
might have clogged the channel if the larger bubbles were absent. Small bubbles are less likely to cause clogging
than larger bubbles because they are more easily transported by the flow of the liquid. However, if small bubbles
are dispersed at high concentrations, they can still cause clogging by accumulating and sticking together, forming
larger bubbles that can block the flow path. Therefore, it is essential to also study how the flow rate of gas and
liquid affects the bubbles in the bubble layer prior to clogging, which will be discussed next.
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Figure 4.8: Bubble size distribution as a function of the bubble layer region. Region 1 represents the top zone of the bubble layer, while
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Figure 4.9: Bubble size distribution as a function of the bubble layer region. The zones are shown in the x-axis. The smallest bubbles
appear in the bottom region of the bubble layer.
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Bubble layer thickness and velocity

Now that the bubble diameters have been determined, we will analyze the dynamics of the bubble layer. From
the experiments, it appeared that the risen bubbles move in a train at the slanted top of the chamber. This bubble
layer has a certain thickness and moves at a uniform velocity along its length. The thickness and velocities of the
bubble layer were investigated at different current densities and pump rates. The corresponding flow rates for the
evaluated pump rates are provided in Table 4.4.

Table 4.4: Pump rates and associated flow rates through each chamber.

Pump rate (RPM) | Flow rate (mL/s)
50 1.26
100 3.57
200 6.25

Figure 10 to Figure 13 in Appendix D show bubble layers at different current densities and pump flow rates.
For each high-speed video (HSV), six random frames were chosen and analyzed. The thickness of the bubble
layer was measured at locations where it was thickest using ImageJ. The mean thickness and standard deviation of
the layer were then calculated and plotted against the current density and pump rate, as illustrated in Figure 4.10.
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Figure 4.10: Bubbles layer thickness as a function of flow rate and current density. The layer thickness increases with increasing current
density. At low current densities, the bubble layer thickness is less dependent on liquid flow rate. However, at larger current densities, it
strongly depends on the liquid flow rate.

Given the figure above, it appears that at lower current densities (j < 50 mA/cm?), there is no significant
difference in bubble layer thickness with increasing flow rate. However, with high current densities (7 > 300
mA/cm?), there is a perceptible change in the thickness of the bubble layer, showing that the thickness decreases
with increasing flow rate. For example, when the current density is 350 mA/cm?, the mean thickness of the bubble
layer at a flow rate of 3.57 mL/s is 18% smaller compared to the bubble layer at a flow rate of 1.26 mL/s. Ata
flow rate of 6.25 mL/s, the thickness is 33% smaller compared to the thickness of the bubble layer at a flow rate
of 3.57 mL/s and 45% smaller compared to a flow rate of 1.26 mL/s. We can therefore surmise that the thickness
of the bubble layer at the slanted top is substantially dependent on the liquid flow rate at higher current densities.

To investigate whether the same dependency holds for the bubble layer velocity, we tracked the bubbles at
varying liquid flow rates and current densities. From each HSV, six arbitrary bubbles were tracked frame by
frame at random locations in the bubble layer, and a mean velocity and standard deviation were calculated. The
results of the bubble layer velocities are shown in Figure 4.11.
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Figure 4.11: Bubble layer velocity for as a function of the flow rate and current density. The velocities are close to one another despite the
difference in liquid flow rate.

The figure indicates that the bubble layer velocities are close to each other for most current densities, especially
at lower ones. At a current density of 7 = 17.5 mA/cm? and at a pump rate of 200 RPM, the average velocity
of the bubble layer is only 10% higher compared to the average velocity at the pump rate of 50 RPM. At higher
current densities, such as j = 350 mA/cm?, the average velocity at 200 RPM is approximately 30% higher than
the average velocity at 50 RPM observed. However, because of irregularities of the flow, the standard deviation is
higher at higher current densities. These inconsistencies were induced by the large number of bubbles generated,
and therefore not all of the bubbles in the (thicker) bubble layer had uniform velocities. These findings suggest
that the liquid flow rate has little effect on the velocity of the bubble layer, especially at low current density.

To determine whether there was a difference between the cathode flow and the anode flow that may have
affected the velocity of the bubble layer, the temperature profile was also monitored throughout the experiments.
The temperature data are presented in Figure 4.13a.

The graph reveals that the temperatures in the cathode and anode chambers are not significantly different
during water electrolysis. They rise steadily with the same slope, indicating that the flow rate on both sides
was roughly the same. However, it was observed that when the power was abruptly turned off at the end of an
experiment, the channel immediately got blocked by accumulated bubbles, forcing the liquid to flow through the
anode. This can be ascribed to the hydraulic configuration in which the liquid flow chooses to follow the path that
presents the least resistance. This blockage did not occur when the power was dropped more gradually. Images
of channel blockage after the power was abruptly turned off are depicted in Figure 4.12.
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Figure 4.12: Bubbles on the cathode side restrict the outflow once the power is abruptly switched off at t = 0.
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From the temperature profile shown in Figure 4.13b, the impact of channel blockage can be seen by the sharp
drop in temperature on the anode side. This sharp drop is caused by the fresh electrolyte that flows through the
anode side. Natural convection causes the temperature on the cathode side to decline more gradually.
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Figure 4.13: Temperature plot of the reservoir, the cathode chamber and anode chamber in a single cell electrolyzer stack. Each chamber
had two thermocouples installed. The experiments were conducted at a current density of j = 350 mA/cm? and cell potential of
Ucent =2.60 V. (a) shows the temperature profile when the power was decreased gradually. (b) shows the temperature profile when the
power was switched off instantaneously. Because of the necessity for ventilation, each experiment took around ten minutes.
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Congestion flow regimes

The flow regimes in which clogging occurred were experimentally determined. The current and flow rate were the
parameters that were varied during this experiment. The current density was converted to a (vertical) superficial
gas velocity wgg via Equation 2.16. The (vertical) superficial liquid velocity wsp was determined using the high-
speed camera. With the scale affixed to the plate, the rise in the liquid level was recorded and translated into an
absolute liquid rise velocity, which was subsequently assumed as the superficial liquid velocity. The liquid flow
rate was regulated so that the liquid flow velocity ranged from 0 to 0.25 cm/s. This was because no clogging
was apparent above a liquid velocity of 0.25 cm/s. On the other hand, the current (and thus the superficial gas
velocity) was raised until the blockages still persisted. Subsequently, the current was increased until no visible
blockages were observed. This was until a superficial gas velocity of 0.3 cm/s.
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Figure 4.14: A plot of the flow regimes where blockages occur at the outlet channel. There is a transition region in which clogging tends to
take place or still takes place but disappears periodically. The plot shows that above a certain superficial liquid velocity wgp and gas
velocity wsg, there is a region in which no clogging occurs anymore.

Figure 4.14 shows the flow regimes in which clogging occurs. The graph reveals that there is a transition
region where blockages persist but dissipate continuously. It also demonstrates the necessity of having a suffi-
ciently high superficial liquid or gas velocity to prevent a clog from developing at the outlet channel. In other
words, according to the graph, clogging can be avoided at large current densities or pumping power of the liquid.
These observations are crucial because they teach future operators about flow regimes that are safe for operation.

It was also observed that once the clogging occurred, it vanished instantaneously once the superficial gas
velocity was increased until the blue flow regime in Figure 4.14 (regime in which no congestion was present)
entered. The superficial liquid velocity, however, required longer time to completely remove the slug when it
was increased until the blue flow regime was reached.

A final observation was found when the experiments were performed without a pump. Without a pump and at
a current density of approximately j = 140 mA/cm?, there was still continuous bubble flow perceivable without
clogging the channels. This can be attributed to the buoyancy forces of bubbles pushing other bubbles upward,
resulting in a natural bubble flow that exits the chamber.

These results lead to the overall conclusion that there is no clogging at superficial gas flow rates greater than
0.3 cm/s and, consequently, current densities greater than 140 mA/cm 2. When the liquid flow velocity surpasses
0.25 cm/s, the same appears to be the case.



Conclusions and recommendations

5.1. Conclusions

This thesis project aimed to experimentally investigate the minimum required flow conditions to prevent clogging
in an alkaline water electrolyzer. The study involved conducting a literature research on fundamentals, bubble
hydrodynamics, and leakage currents in water electrolyzers. A laboratory-scale alkaline water electrolyzer was
designed and constructed to carry out the experimental study. The electrolyzer was used to examine the clogging
of the outlet channels on the hydrogen side.

The results of the experimental study showed that there is a specific flow regime in which clogging does
not appear in the outlet channel. At current densities greater than 140 mA/cm?, which corresponds to a gas flow
velocity of approximately 0.3 cm/s, the velocity of the bubble layer prevents accumulated bubbles from restricting
the flow through the exit channel. Additionally, a liquid flow velocity greater than 0.3 cm/s also prevents channel
clogging for the investigated electrolyzer design. However, at lower current densities and liquid flow velocities,
the likelihood of clogging increases, and it is dependent on both parameters. Moreover, there is a transition regime
in which clogging still occurs, but the overall contributions of hydraulic resistance, bubble flow, and forced liquid
flow are balanced, which frequently ameliorates the channel.

The hydraulic configuration is the primary cause of clogging, where the flow can prefer to go through the
anode rather than the cathode. The flow does not force the created slug on the cathode side forward, allowing
it to remain in the chamber and continue to expand due to coalescence with bubbles coming from below. These
findings are critical for electrolyzer operators since they reveal that specific flow regimes should be avoided to
prevent clogging in an electrolyzer stack. Then, precautions could be taken to improve performance and, most
importantly, to enhance safety.

The study evaluated the bubble diameter distribution to identify the diameters of hydrogen bubbles that con-
tribute to clogging. The evaluation showed that the mean diameter of the hydrogen bubble was approximately 0.4
mm, which is five times smaller than the channel height through which the bubbles must flow. The largest bubble
present in the bubble layer was approximately two to three times the height of the channel. The flow velocities
of the gas and liquid significantly affect the frequency of bubbles appearing in the bubble layer.

On the basis of these experimental findings, the following conclusions are made concerning the bubble layer
thickness/velocity with respect to the gas flow and liquid flow rate.

1. The liquid flow rate does not significantly influence the thickness of the bubble layer at current densities
less than 50 mA/cm?. This could be due to a stable and well-defined bubble layer, which could be caused
by a uniform flow in the bubble layer. At current densities greater than 140 mA/cm?, the bubble layer
clearly decreases with increasing liquid flow rate. This might be attributed to the more unstable bubbles
in the chamber at higher current densities. With a faster liquid flow, the unstable bubbles are likely to be
moved away more quickly, which might explain the difference in bubble layer thickness.

2. The liquid flow rate does not significantly affect the velocity of the bubble layer at current densities less than
50 mA/cm?2. This could again be related to the stable bubble layer, which is less susceptible to changes
in the liquid flow rate. Additionally, the gas flow rate is dominant in the bubble layer region, meaning
that changing the liquid flow rate has little effect on the bubble layer velocity. However, at higher current
densities, there is no clear relationship between bubble layer velocity and liquid flow rate, which may be
due to experimental limitations.
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3. The thickness and velocity of the bubble layer depend strongly on the applied current density. This can be
clarified by the fact that the superficial gas velocity is directly proportional to the applied current density.
Moreover, more bubbles are produced with higher current densities, and as a result of the buoyant forces
generated by these bubbles, the overall bubble speed increases too.

5.2. Recommendations

To gain a deeper understanding of the clogging process in water electrolyzer stacks, it is recommended to conduct
additional experiments, particularly in larger stacks consisting of numerous cells. The same experiments could
be performed with highspeed camera in combination with a microscope lens in order to examine the bubble inter-
actions that lead to clogging more closely. In addition, more data points should be examined in the experiments
for the bubble layer thickness/velocity.

However, visually monitoring all cells in an industrial-size electrolyzer stack can be challenging. To address
this, low-cost temperature sensors could be installed in all cells to provide an indication of flow within each cell.

Another area that requires further exploration is the clogging behavior of different channel shapes, dimensions,
wall distances, and angles at which bubble layers are guided towards exit channels. These parameters play a
critical role in bubble flow and must be studied as well to improve mass transport in electrolyzers.

To reduce the ohmic resistance of the current electrode design, it is recommended to create an improved design
that allows the electric current to reach the entire electrode surface, rather than through flaps sticking out from
the sides. This change has the potential to significantly improve the electrolyzer efficiency.

In addition, it is suggested to consider electrolyzers that do not require forced flow, which demands a signifi-
cant amount of power. The experiments conducted showed that even without a pump, flow was still achievable
at certain current densities. A techno-economic analysis should be conducted to investigate whether it is feasible
to run larger scale electrolyzers without a pump or with less pumping power and compare the savings gained to
the compression cost that is required for usage.

Lastly, it is recommended to examine the effect of slug flow through the channel in relation to shunt currents.
This could be done by experimentally measuring shunt currents using reference electrodes mounted on the mani-
folds of the designed electrolyzer. With the theory of shunt currents and scaling relations provided in chapter 2,
the relationship could be examined and compared to models.
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Appendix A

Overpotentials

Activation overpotential

The activation overpotential 7,.; represents the overpotential that is required to overcome the activation barrier
of a chemical reaction. It is also a measure of the activity of the electrodes. In order to have a better grasp of the
mechanics underlying these barriers, this subject will be discussed in more detail. As indicated in Equation 2.5,
the activation part is composed of two terms; the anodic term and the cathodic term, respectively. These activation
terms are linked to the two half-reactions in AWE.

Hydrogen evolution reaction (HER) occurs on the cathodic side of the electrodes. This reaction consists of
three steps, and when added together, they yield the cathodic half reaction shown in Equation 1.1. It is a well-
understood process, as evidenced by various scientific studies in the literature [40, 41, 42]. The first step of the
HER, also known as the Volmer step [10], involves a water molecule that, in the presence of an electron, splits
into an adsorbed hydrogen atom on the surface and a hydroxide ion. This Volmer step is given in Equation 1.

H,O + e~ = Hys + OH™ (Volmer) )

For the next step, the adsorbed hydrogen atom has two options. In one route, it can react with water to form a
hydrogen molecule and hydroxide ion, as given in Equation 2 (also known as the Heyrovsky step). Alternatively,
it can recombine with another H,g to only yield H,, which is also known as the Tafel step, shown in Equation 3.
Overall, there are two reactions occurring in series, with only one intermediate. Therefore, overcoming this
barrier is, in general, not too difficult.

H,O + Hygs + ¢~ =Hy + OH™ (Heyrovsky) 2)

Hags + Hags = Hp (Tafel) (3)

In contrast, the Oxygen Evolution Reaction (OER) takes place on the anodic side, which is more complex
compared to the HER. Despite the fact that there is controversy about the distinctive OER mechanisms, it is
generally acknowledged that the oxygen evolution chain consists of four unique electron transferring steps [9,
21]. The OER-steps in an alkaline environment are shown in Equation 4 - 7. Since there are four reactions
occurring and each one forms a barrier, it is more challenging to proceed with the OER. Therefore, a greater
overpotential on the OER-side is necessary to stimulate the entire reaction.

OH™ + surface = OH,q4s + €~ 4
OH™ + OHags = Oadgs + HoO + ¢ %)
Oudgs + OH™ = OOH,4s + €~ 6)
OOH,4s + OH™ =0, + H,O + e~ )

The activation overpotential for a single step can be calculated using the Butler-Volmer equation given in
Equation 8 [9]. The Butler-Volmer equation relates the net current density j to the applied (kinetic) overpotential

Nact-

aFnact,i (1 - a)Fnact,i
7p )~ XP(—Fp :

where jo is the exchange current density and « is the charge transfer coefficient. The exchange current density
is a measure of how ready the electrodes are to carry out the electrochemical reaction. It can also be thought
of as the activity of electron transfer under equilibrium conditions (i.e., when there is no overpotential applied),
which provides information on the electrode’s electrocatalytic performance. The higher the exchange current
density, the higher the activity on the electrode surface [43]. The transfer coefficient « is a dimensionless number

J = Jo| exp( i=a,c (®)
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that, in physical terms, represents the fraction of the energy that goes towards the reduction/oxidation. For water
electrolysis, the transfer coefficient is typically 0.5 [43].
By simplifying the Butler-Volmer equation, Equation 8 can be written as a function of 7 to finally yield the
Tafel equation:
n=a+ blog(j) €

where a = 2‘32# log(jo) and b = 2'32#. The Tafel slope, which is coefficient b in Equation 9 can be
determined experimentally. The Tafel intercept a can be found by linearly extrapolating the curve from the Tafel

(5 vs. n) plot, as illustrated in Figure 1. With these values, the kinetic performance of various electrodes can be
evaluated.
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Figure 1: Tafel plot for anodic and cathodic portions of the j versus i curve. o =0.5, T=298 K, jo = 10~ 6 A cm™ [44]

Ohmic overpotential

The overpotential due to ohmic losses consists of four components: (i) resistance due to electric components; (ii)
electrolytic resistance; (iii) resistance due to gas bubble formation; (iv) resistance caused by the membrane/di-
aphragm. The contributions of the ohmic components are illustrated in Figure 2.
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Figure 2: Components of the ohmic contributions [16]

(1) The resistance of the electric circuit can be determined with the type of material, the dimensions, and the
conductivity of each individual component (e.g., electrodes, wires, connectors). The resistance R of a sample,
such as a wire, can be calculated with the resistivity equation, which is simply a modified version of Equation 2.1:

l

= (10)

R
where p is the material-specific resistivity, [ is the length of the specimen, and A is the cross-sectional area of
the specimen. Note that in Equation 10, p is equal to % The ohmic resistance, for instance, can be decreased by
shortening the wire lengths, expanding the cross section, or by selecting a material with a lower resistivity.



(i1) Electrolytic resistance has been briefly discussed in subsection 2.1.2. In fact, electrolytic resistance is also
an example of electrical resistance, similar to electrical components. However, because the electrolyte is associ-
ated with a fluid and, therefore, its resistance dependence differs from that of a solid, it is discussed separately.
For instance, electrolyte conductivity is also a function of the gas void fraction, which is the ratio of the volume
that gas occupies in a channel to the total volume of the channel. Higher temperature also plays a role in the
electrolyte conductivity, as it increases the activity of the medium.

(ii1)) Hydrogen/oxygen gas bubbles will inevitably form at the electrolyte-electrode interface as water electrol-
ysis advances. Only when a bubble has grown sufficiently, it can detach from the electrode surface [21, 9]. A
swarm of bubbles prevents the electrolyte from making contact with the electrode surface, hindering the electron
transfer. Consequently, the resistance equation gains an additional ohmic drop term. Furthermore, the presence
of bubbles in the electrolyte affects the electrolytic conductivity because bubbles reduce the active cross section
in the electrolyte, resulting in higher resistances.

(iv) As mentioned previously, the diaphragm prevents the products at the anode and cathode from mixing
to maintain chemical stability and safety. As a consequence, the diaphragm forms a barrier through which ions
travel. The resistance of a diaphragm follows the same formula for the electrolyte, as shown in Equation 2.1, with
the exception that the conductivity of a diaphragm is defined differently. The conductivity of a porous diaphragm
can be determined with the following equation [45]:

Kel €

(11)

Kdiaphragm = -
Where £ is the conductivity of the electrolyte that flows through the diaphragm and € and 7 are, respectively,
the porosity and tortuosity of the diaphragm. The tortuosity is defined as the ratio of the effective path length
(averaged) l.f¢ to the shortest path (thickness) Tg;qphragm in a diaphragm, given in Equation 12. The effective
path length can be thought of as the shortest pathway in a diaphragm with added slack due to pores.

Lefr
T=—-— (12)
Tdiaphragm



Appendix B

Since the ionic shunt current can flow through the top and bottom manifold, this ionic pathway consists of a
parallel circuit with two inlet and two outlet channels and two manifolds. When the manifold resistances are
neglected, the total channel resistance R.;, becomes:

1 _ 2leh 2lcn

= 13
Rch HACh HAch ( )
For a stack of n cells and a voltage U for each cell, the current I from cell k to cell j becomes:
Ucell .
I = —k 14
b= = G- h) (14

As a result, the net current inflow/outflow I; can be expressed as:

Ucell " . Ucell . n+1
=205 k)= 28 (j - 15
J Rch k:1(z7 ) Rch (] 2 ) ( )

From this expression, it can be found that the net current for the first half of the cells will be negative because
it will be flowing out of the cells. For the second half, the sign will turn positive as there will be a net current
flowing in the cells. For the center cell, no net current will flow in or out. The amount of bypassed current Jpypass
between cell k£ and k + 1 can be calculated with:

k U 11 kn
Toypass = — E (I;) = Rceh 5 (n - k;) (16)
=1 ¢

This equation gives a parabolic shunt current profile, with a minimum at the edges and a maximum at the center
of a stack.

According to Refs. [23], when analyzing the distribution of the (absolute) shunt current in a stack, the total
shunt current in the header has a quadratic shape; it is the smallest at the ends and the largest in the middle of
the stack, as illustrated in Figure 3a. This happens because when all individual shunt currents in the manifold
are summed, the total shunt current flowing through the center of the manifold is at its maximum. Refs. [23]
also states that ionic shunt current, flowing through the cell input and outlet channels, is S-shaped when plotted
against the cell number. In other words, the shunt current is largest in magnitude in the outer cells where the
largest potential difference exists, and smallest in the central cell, as shown schematically in Figure 3b. The sign
of shunt currents in one half of the stack is opposite to the other half of the stack, which explains the S curve. The
sign change is related to the net amount of current that flows into and out of a cell.
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Figure 3: Schematic representation of the shunt currents flowing through the manifolds (a) and the inlet/outlet channels (b) in an
electrolyzer stack consisting of N cells [23].

Graphical representations of Equation 13 for a stack with five cells are illustrated in Figure 4 and 5. For the
sake of simplicity, shunt current flow in only one header is considered. The shunt current flow in the bottom

42



manifold can be represented in a similar way. As an example, it is assumed that the voltage per cell is 2 V, which
brings the total potential difference between the first and last cell to 10 V. For simplicity, the channel resistance
of a single cell is taken to be 1€2. The shunt current I, between two adjacent cells is then Iy = 2% = 2A. The

1Q

shunt current flows in the same direction as the electrolyte, which is indicated with black arrows in all figures.
Furthermore, in Figure 6a, the net shunt current flow per cell is indicated with arrows. As shown, the first

two cells have a negative sign, the cell in the middle has no net current flow, and the last two cells have a positive

sign. Also, the total shunt current flow in the upper manifold is given in Figure 6a. A maximum current occurs

in the middle of the cell.
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Figure 4: Shunt outflow for cell 1 (a) and 2 (b)
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Figure 5: Shunt outflow for cell 3 (a) and 4 (b)
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Figure 6: Net shunt flow per cell (a) and total shunt current flow in the manifold, indicated with dotted lines (b)



Appendix C

In this appendix, the prototype of the BEP group will be analyzed. The prototype stack has a rectangular shape
and is 80mm wide and 120mm tall. It consists of five cells, each 9mm thick and pressed to each other. The
electrolyte enters the stack via a single bottom intake channel that is directly connected to the inlet manifold.
Similarly, the generated hydrogen and oxygen can escape the stack individually through two top exit channels,
connected to exit manifolds. The electrolyzer and an exploded view of the internal parts are shown in Figure 7
and 8 respectively. The following parts were used for the assembly:

+ PMMA plates; used for the structural integrity of a cell. In addition, the plates have channels inside that
act as inlets for the electrolyte and exits for the products. Manifolds are also integrated into plates.

Zirfon Perl UTP 500 diaphragms; used to separate the chambers containing hydrogen or oxygen products.

 Corrugated stainless steel electrodes (anode and cathode) for electrolysis. An electrode has a total surface
area of 12.23 cm? at each face.

» EPDM gaskets; used to seal the space between cells and the PMMA surface. They are also used to prevent
electrodes from contacting each other and causing a short circuit.

+ ABS clamping blocks, which have two functions. The first is to give the diaphragm a corrugated shape
and match the shape of the stainless steel electrodes. The second function is to distribute the incoming
electrolyte from the inlet channels and to direct the products toward the exit channel.

 Threads, nuts, and washers; for tightening the cells.

» Hose connectors; to attach inlet and outlet hoses

* Electric wires; to connect anodes to cathodes, and thus forming a bipolar ’plate’.

Three points should be noted in relation to the prototype. Firstly, the anodic and cathodic electrodes are perforated
and have corrugated shapes. While the corrugated design increases the reaction surface area per volume of a unit
cell, the perforations ensure that bubbles can escape more easily. The second remark is related to the configuration
of how the electrodes are interconnected. In subsection 2.1.5, the bipolar arrangement was discussed and in
Figure 2.4b, a bipolar plate was shown as a single plate with two polarities. Furthermore, it was mentioned that
the order of polarity could be expressed as ’ACACACAC...” due to the alternating polaritiecs. However, the
design of the student group features an ’ACCAACCAAC..." sequence of polarities that is obtained by switching
the electrodes from position after each cell. Each electrode pair is externally linked with electric wires, enabling
the electrode pair to perform as a bipolar plate. An illustration of how the electrodes are connected is shown in
Figure 9a. One significant benefit of such a structure is that the products are less exposed to each other as a result

(2) (b)

Figure 7: The prototype version of recent BEP students [7]. (a) Height H is 120 mm, width W is 80 mm and thickness T is 60 mm.
(b) Blue arrow at bottom indicates electrolyte inlet, green arrows at the top indicate the outlet of the product (O, or Hy)
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of the reduced number of alternations between the oxidation and reduction chambers of the cells. This is crucial
because a hydrogen-oxygen mixture poses a risk of explosion, and thus the concerned configuration enhances the
operational safety. The final remark is about the packaging of the cells; the electrodes are pressed to each other
with a diaphragm in between. This compact form of packaging is known as the zero-gap configuration and was
already discussed in subsection 2.1.2.

(a) )

Figure 8: Exploded view showing the order of PMMA plates, gaskets, and electrodes in (a), a frontal view of a PMMA plate with clamping
blocks in (b), and the flow direction of the products in (c) [7]

(a) ®)

Figure 9: The bipolar configuration applied in the prototype [7]. (a) Shows the products produced at the electrodes and (b) shows the
polarization of the electrodes.



Appendix D

(a) (b)

(©)

Figure 10: The bubble layer thickness at j = 25 mA/cm? for (a) 50 rpm, (b) 100 rpm and (C) 200 rpm
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Figure 11: The bubble layer thickness at j = 48 mA/cm? for (a) 50 rpm, (b) 100 rpm and (C) 200 rpm

©

Figure 12: The bubble layer thickness at j = 125 mA/cm? for (a) 50 rpm, (b) 100 rpm and (C) 200 rpm



(a) (b)
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Figure 13: The bubble layer thickness at j = 350 mA/cm? for (a) 50 rpm, (b) 100 rpm and (C) 200 rpm



	Preface
	Abstract
	Nomenclature
	Introduction
	A novel electrolyzer
	Problem statement
	Scope and research questions
	Methodology
	Structure of the report

	Theory
	Fundementals of alkaline water electrolysis
	Working principle of an alkaline water electrolyzer
	Zero-gap configuration
	Thermodynamics
	Overpotentials
	Cell configuration

	Shunt currents
	Bubble flow
	Bubble evolution and coalescence
	Hydrodynamics
	Potential-current dependency

	Scaling for the channel resistance

	Materials and Methods
	Electrolyzer design
	Electrodes
	Equipment and experimental setup
	Characterization
	Electrochemical
	Flow


	Results
	Electrolyzer characteristics
	Flow characteristics

	Conclusions and recommendations
	Conclusions
	Recommendations

	References
	Appendix A
	Appendix B
	Appendix C
	Appendix D

