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Abstract

The world is witnessing unprecedented climate changes, which have worsened over the past
couple of years. Despite significant progress in renewable energy, achieving a reduction of
global warming remains challenging. Renewable energy sources like solar, wind, and hydro-
electric technologies offer promising solutions, but challenges persist due to their intermittency
and geographical dependency. Green hydrogen, generated through electrolysis using renew-
able energy, has come up as a solution for storing electric energy and providing a constant
energy supply.

Alkaline water electrolysis has emerged as one the most promising electrolysis methods
due to its large-scale operation, long durability and low costs. This does not come without
challenges, one of them being leakage currents, which reduces the efficiency of the electrol-
yser. Leakage currents occur when not all current is used for hydrogen production, but some
of it leaks into, for example, the produced hydrogen stream.

To reduce these leakage currents, more research into the origins is needed. The first step
is modelling the electrolysis while considering as much as possible of the physics happening
inside the system. Current models of alkaline water electrolysers are either modelled using
only mathematical equations or neglect the operating parameters, which makes the results
highly variable per system. Other models do use analytical methods with experimental re-
sults, but these models only comprise one electrolysis cell rather than a full stack.

This work consists of developing two three-dimensional models, validating them using ex-
periments, and using them to predict the effect of changes in geometry. The first model was
made using COMSOLMultiphysics software and used to research the water electrolysis stack,
which comprised one or eight cells using electrochemical relations and physical data. It was
found that a model could be made that fitted the experiments within the error margin of the
experiments (<2.5%). It lacked flexibility but overall showed good results for an electrolyser
stack of one or eight cells. The second model was made using an equivalent electrical circuit
(EEC) of the electrolyser in Python via the PySpice module. A steady-state model, including
the leakage currents, could be developed by calculating all system resistances, namely the
cell, inlet/outlet, and manifold resistances. This model overestimated the performance of the
electrolyser by 10-15% for low current densities and 2-4% for high current densities. Never-
theless, it was highly adaptable for different scenarios, making it valuable for research into
optimising the electrolysis stack. Both models were used to predict the effect of changes in
geometry; the effect of the length of the inlets, and the number of cells. This showed that the
EEC model was better suited for this research.
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𝑡 Time [s]
𝑇 Temperature [°C]
𝑢 Velocity [m s−1]
𝑉 Voltage [V]
𝑤𝑡 Weight percentage [%]
𝑧 Number of electrons transferred per reaction [-]
𝛼 Charge transfer coefficient [-]
Δ𝐺 Gibbs free energy change [J]
Δ𝐻 Reaction enthalpy [J]
Δ𝑆 Reaction entropy [J K−1]
𝜖 Void fraction electrolyte [-]
𝜖𝑠 Porosity membrane [-]
𝜂 Efficiency or overpotential [%] or [V]
𝜃 Gas surface coverage [-]
𝜅 Specific electrical conductivity [Ω−1m−1]
𝜇 Viscosity [kg m−1s−1]
𝜌 Density [kg m−3]
𝜎 Conductivity [kg−1m−3s3A2]
𝜏𝑠 Tortuosity [-]
Φ Volume fraction [-]
𝜔 wettability or vorticity [-] or [-]
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Table 3: List of subscripts

Subscript Definition
a/act activation
an anodic
b bubble
c/cath cathodic
c/cell cell
con concentration
e outlet
eq equilibrium
exp expansion
f friction
F Faraday
g gas
gen generation
H hydraulic
i inlet
l liquid
loss losses
m mixture or manifold
ohm ohmic
ox oxidation
P pressure
red reduction
ref reference
rev reversible
s separator
stack stack
t tube
T temperature
tn thermo-neutral
volt voltaic
w water





1
Introduction

As the world grapples with the alarming rise in forest fires, hurricanes, heatwaves, and floods, it
has become undeniably clear that the climate is undergoing unprecedented changes. These
harrowing events, along with the overwhelming abundance of social media items, scientific
papers, and films on the subject, underscore the urgency of the climate crisis. The root cause
of this climate change phenomenon lies in global warming, which has steadily worsened over
the past two centuries. Unless decisive actions are taken, the situation will continue to escalate
[1]. The large increase in research into renewable energy sources and storage methods has
yielded significant progress in the past decade. Despite these advancements, achieving the
critical goal of keeping global warming below 2°C, as set in the 2015 Paris Agreement - one
of the most widely accepted climate treaties, remains a monumental challenge [2].

1.1. Future of Energy
No. 1 of the seven key recommendations to scale up hydrogen by the IEA is to establish a role
for hydrogen in long-term energy strategies, with one of them focusing on revising the electric-
ity grid and stimulating solutions that facilitate the variable energy generation from renewables
[3]. Two primary challenges must be overcome to pave the way for a future of widespread
green energy. The first challenge revolves around the maturity of renewable sources, which
requires more research and development to enlarge the scale of operation and reduce costs.
While substantial strides have been taken in recent decades, the renewable energy market
has not reached its full potential in terms of scale and price [4, 5]. The best alternatives to
replace fossil fuels are solar, wind, and hydroelectric technologies [6, 7]. The second chal-
lenge is the intermittency of solar and wind power, while hydroelectricity is highly dependent
on geographical position. The location can improve the intermittent nature of the former two
but is still dependent on weather and seasonal effects [8].

The Dutch government has greenhouse gas (GHG) reduction targets of 49% by 2030 and
95% by 2050 (compared to 1990) [9]. Aside from more energy production from renewables,
the energy must be stored efficiently to compensate for fluctuations to reach those targets.
In this context, green hydrogen emerges as a vital enabler. In 2021, the Netherlands had an
electrolyser capacity of only 3MW, and this is set to grow to 3-4GW by 2030 and to 13-45GW
in 2050 [10, 11].

Using hydrogen, electric energy can be stored, and this is currently one of the most inten-
sively researched renewable storage methods. Its versatile applications range from replacing
fossil fuels in various sectors to providing storage for surplus renewable energy, thus ensuring
a constant energy supply. Implementing an effective energy buffering system utilising hydro-
gen will contribute to a more flexible and resilient energy infrastructure [1, 9, 12, 13].

1
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Currently, electrolysis contributes to less than 4% of green hydrogen production, while the
majority is derived from fossil fuels [6, 14]. To reduce the dependence on fossil-produced
hydrogen, the share of hydrogen produced using renewable energy needs to be increased.
Among the most feasible renewable options, solar and wind energy stand out due to their
widespread distribution [6, 7]. These renewable sources offer the potential to produce large
amounts of hydrogen without carbon dioxide emissions or other pollutants associated with
fossil fuels [15].

1.2. Generation of Hydrogen
Within the landscape of hydrogen production technologies, alkaline water electrolysis has
emerged as a crucial and most promising method for sustainable hydrogen gas generation,
which plays a pivotal role in the transition towards a clean and renewable energy landscape.
It has a 59% market share within the global electrolyser market, and the total market is set to
grow from an estimated 0.5-3.7 billion USD in 2023 to 7.1-34.3 billion USD in 2032 [16, 17].
In recent years, there has been increasing interest in the design, development, and optimi-
sation of alkaline water electrolysers due to their potential in large-scale hydrogen generation
[18]. Alkaline water electrolysis is a mature method of producing hydrogen from water, which
uses electricity to dissociate water into oxygen and hydrogen gas. It is more robust than other
electrolysis technologies because it uses less critical materials and has a longer lifetime; there-
fore, in this work, the focus lies on alkaline water electrolysis. The hydrogen produced from
this method has a high purity of 99.5% up to 99.999% [14].

While the concept of alkaline water electrolysis is straightforward, its practical implementa-
tion requires precise engineering and material selection to optimise performance and ensure
prolonged operation. Electrical costs can be up to 90% of the total operating costs (OPEX)
of hydrogen production and up to 70% of the total costs (OPEX and CAPEX), so it is quite
interesting to improve the efficiency of electrolysers and therefore reduce the hydrogen costs
[19].

1.3. Optimisation of Hydrogen Production
While alkaline water electrolysis offers numerous advantages, it is not without challenges.
One critical issue that demands attention is the presence of leakage currents, which can sig-
nificantly impact the overall efficiency of alkaline water electrolysis systems. Leakage currents,
also known as shunt currents or parasitic currents, have emerged as a substantial concern in
the operation of alkaline water electrolysers. These currents, often induced by unintended de-
fects or imperfections in the electrolysis system, result in the diversion of electric current away
from the desired electrolysis reactions. Instead, the electrons follow unwanted pathways [20].
Figure 1.1 shows a simplified electrolysis stack, with the electrolysis cells as grey rectangles.
All inlets and outlets are shown in green and are connected in parallel. The leakage currents
can travel via these pathways, visualised as the dotted lines. These leakage currents lead
to energy losses, reduced efficiency, and possible safety hazards. Identifying and mitigat-
ing these leakage currents are thus vital to enhance the overall performance and reliability of
alkaline water electrolysers [21, 22].

1.4. Thesis Outline
As stated above, it is important to extend the knowledge of leakage currents by identifying and
reducing them. These insights can then be used to optimise the electrolysis stack and achieve
higher efficiencies in producing green hydrogen. This thesis can be divided into two parts: the
first part will focus on building two three-dimensional models of a test stack in collaboration with
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Figure 1.1: Schematic of leakage currents. The electrolyte and product streams are indicated in green, while the
electrolysis cells are grey. The leakage current does not follow all electrodes but is diverted to the inlet or outlet
stream earlier in the system and returns to the last cells.

XINTC using COMSOL Multiphysics and a model of an equivalent electrical circuit in Python.
The second part predicts the effect of geometrical changes on this existing design. To help
this process, the main research question and subquestions are formulated as follows:

Can a three-dimensional model of an electrolyser help to predict leakage currents?

Some subquestions are set to define the scope of the thesis further.

1. Can a 3D electrolyser be accurately modelled in COMSOL Multiphysics?

2. Can a 3D electrolyser be accurately modelled using an equivalent electrical circuit (EEC)
model?

3. What is the influence of design choices on the leakage currents?

1.4.1. Thesis Approach
In chapter 2, background information will be given on the basic principles of alkaline water
electrolysis and its thermodynamics and electrochemistry. This is then used to dive further
into existing knowledge about various forms of cell losses and leakage currents. This chap-
ter ends with information about electrical circuits, which are needed to build the EEC model
using Python. The methods to perform experiments and to create both models are described
in chapter 3. In this chapter, it is also stated which assumptions are made to develop the
models. After comes chapter 4 with the found results and discussion points. The models are
compared to the experiments in 2D and 3D, and the resulting parameters are used to pre-
dict the performance of the electrolysis stack for various scenarios. Lastly, conclusions and
recommendations are presented in chapter 5.

1.4.2. Software Used
In this thesis, three different software are used. Below is an overview of the version of the
software and what it is used for.

COMSOL Multiphysics v6.2
COMSOL is a finite element software capable of combining various 3D multiphysics models.
All relevant input parameters and constraints can be entered, after which a mesh is built. The
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software can then calculate the required output for all mesh nodes and show this in tables and
plots. Version 6.1 could also be used, but no earlier versions since those did not contain the
right modules yet.

Python v3.11
Python is a programming language specifically tailored to data analysis and scientific pur-
poses. It can import libraries to help with mathematical and statistical computations, which
is favourable for iterative processes and calculations with large sets of equations. This work
uses the PySpice module v1.5 to make an electrical circuit analysis. The electrical circuit can
be entered manually, after which corresponding resistances, currents and voltages for each
node can be simulated.

Microsoft Excel 2023
This software is mainly used to perform simple calculations and order and plot data from other
software.

1.5. XINTC
This research is done in collaboration with XINTC B.V. This Dutch company produces highly
modular alkaline water electrolysers for the global middle market. The modular production
ranges from 150kW to 100MW. Due to its modular nature, it can quickly scale up or down
when connected to an intermittent power source. The system consists of a large number of
gas modules that can be turned on or off separately, as presented in figure 1.2.

Figure 1.2: XINTC modular system. Modules (left) can be turned on or off per pair to adapt to the power source,
resulting in a large modular system (right).

These electrolysers are used for manufacturing, mobility sectors, and the production of bulk
chemicals. The electrolyser operates at atmospheric pressure and low temperature (around
45°C). The system, including the Balance of Plant (BoP), power electronics, and water pre-
treatment, is built in a container, as shown in figure 1.3, to keep the installation and transporta-
tion costs low [23].

Figure 1.3: XINTC Total product of the service station (left) and production station with modules (right).
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Theoretical background

Hydrogen is an energy carrier, which can be considered green if the energy source is green.
Renewable energy sources are then utilised to power the splitting of water into hydrogen and
oxygen gas. This chapter discusses the background of water electrolysis and the related
thermodynamics and electrochemistry. Furthermore, the resulting cell losses and their sources
are explained.

2.1. Alkaline Water Electrolysis
The process of splitting water (H2O) into hydrogen (H2) and oxygen (O2) is called electrolysis.
In short, electrolysis is performed by applying a direct current through water to split water into
hydrogen and oxygen gas. This current flows between two electrodes, from the anode to the
cathode, separated by some separator, such as a membrane. This whole setup is immersed
in an electrolyte to increase the ionic conductivity. Since the system can have very different
properties, the electrodes must be resistant to corrosion and have good electric conductivity.
The electrolyte should be a stable, unreactive compound with the electrodes [14].

The separator should at least prevent the produced hydrogen and oxygen gas frommixing.
Furthermore, the electrical resistance must be such that it prevents the electrodes from short-
circuiting. The overall reaction is shown in equation 2.1, but the half-reactions differ for different
types of electrolysers. In every type of electrolyser, the oxidation reaction, in which electrons
are released, occurs at the anode. Then, the electrons are used in the reduction reaction,
which takes place at the cathode. The hydrogen is formed at the cathode, and oxygen is
formed at the anode [14].

H2O → H2 +
1
2O2 (2.1)

For water electrolysis, there are three main options: Alkaline water electrolysis (AWE), proton-
exchangemembrane electrolyser (same as polymer electrolytemembrane electrolyser, PEME),
and solid-oxide electrolyser (SOE) [6]. In short, the required reactions differ, and the electri-
cally charged compound that transfers the diaphragm differs per method. Furthermore, AWE
and PEME operate at low temperatures, 40-90 °C, while SOE requires a higher temperature,
500-900 °C [24–26]. These three options are shown in figure 2.1. This thesis focuses on
alkaline water electrolysis since this is the most mature and widely used technique.

The electrodes in the alkaline electrolyser are from non-noble materials, for example,
nickel, because of its stability, with an electrocatalytic coating. The electrodes are ordinar-
ily a perforated sheet or expanded mesh [6, 21, 27]. AWE uses concentrated liquid lye as
an electrolyte; usually a corrosive 25-35% KOH-solution [25]. Sometimes, a 20-30% NaOH

5
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Figure 2.1: Schematic diagrams of various types of electrolysers. The current is applied across the separator
(yellow) to produce hydrogen at the cathode (grey) and oxygen at the anode (green). The bulk gases are not
able to pass the separator. (a) Alkaline Water electrolyser with a diaphragm between the electrodes. (b) Proton
Exchange Membrane Electrolyser with a membrane between electrodes. (c) Solid-Oxide Electrolysis with ionic
conducting electrolyte between electrodes [14].

solution can also be used [28]. This solution helps to maximise ionic conductivity and is circu-
lated to remove gas bubbles and retain concentration homogeneity. A heat pump or natural
circulation performs the circulation due to temperature gradients, which makes the solution
concentration more homogeneous and increases the heat transfer rate [14, 24].

Equations 2.2 and 2.3 show the partial reactions in the alkaline electrolyser [14, 24]. In the
cathode, the water is split into hydrogen and hydroxide ions (OH−). The hydrogen flows out
of the cell with the remaining electrolyte, and the hydroxide ions permeate through the mem-
brane or diaphragm to the anode side. The production of hydrogen is called the Hydrogen
Evolution Reaction (HER). At the anode, the hydroxide ions are used to produce oxygen gas
and water, called the Oxygen Evolution Reaction (OER).

2H2O+ 2e− → H2 + 2OH− (cathode) (2.2)

2OH− → 1
2O2 + H2O+ 2e− (anode) (2.3)

A gas-impermeable separator must be used to prevent the hydrogen and oxygen gas from
mixing but allow the ions to migrate through, for which a membrane or diaphragm is used.
Another function of the diaphragm is to have enough resistance to prevent the cell from short-
circuiting. In earlier times, asbestos was used, but nowadays, composite materials or micro-
porous materials such as Zirconium Oxide (Zirfon) are used. There is a gap between the
separator and the electrodes, with a width varying from a millimetre to various centimetres
[28–30].

A typical alkaline electrolyser can have an operating pressure of up to 30 bar, and the
operating temperature is around 60-90°C. The current density is low, around 100-400mA/cm2

[22, 28]. An alkaline water electrolyser is the most reliable type of electrolysis due to its long
durability and lifetime [31, 32]. The lifetime of AWE is higher than PEME systems, while the
maintenance costs are lower [6, 24]. A limitation is the large effect of the dynamic operation
on efficiency, gas purity and durability. Furthermore, conventional AWE has a slow start-up
of around 1-2 hours compared to the 5-15 minutes of PEME systems, making it hard to use
in combination with renewable forms of energy from intermittent sources. They require a min-
imum base load to operate since the operation will otherwise lead to more gas crossover
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[24, 28]. The total nominal stack efficiency is around 70% and reaches up to 82% [19, 31].
The achieved purity is in the range of 99.5-99.9%.

2.1.1. Electrolyser Design
Apart from the difference in chemical reactions and materials described above, the design of
the electrolyser can also differ. The first option is a monopolar design, where every electrode
is either negative or positive. If the electrodes are connected in parallel, the total voltage is the
same as the voltage of one cell, and it can use high currents. The system allows for higher
voltages when the electrodes are connected in series. In the case of the bipolar cell, the posi-
tive and negative electrodes are fixed together. In this design, the electrodes are automatically
connected in series, so this is not possible in parallel. The oxidation and reduction reactions
happen simultaneously on different sides of the electrode. This is all illustrated in figure 2.2
[33, 34].

If the total number of cells per stack is kept constant, then the power for the whole stack will
be the same for the monopolar configuration in parallel and series, as illustrated by equation
2.4.

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝐼𝑐𝑒𝑙𝑙 ⋅ 𝑉𝑐𝑒𝑙𝑙 ⋅ 𝑁𝑐𝑒𝑙𝑙 (2.4)

For the configuration in series, the stack voltage 𝑉𝑠𝑡𝑎𝑐𝑘 will increase linearly with the number
of cells while the current stays constant. For the configuration in parallel, the current 𝐼𝑠𝑡𝑎𝑐𝑘 will
increase linearly with the number of cells while the cell voltage remains the same. Therefore,
both configurations result in the same stack power.

Figure 2.2: Possible cell designs for alkaline electrolyser stacks. (a) Monopolar electrode connections because
every electrode is either positive or negative. (b) Monopolar electrode connections in series. (c) Bipolar electrode
connections in series, where the electrodes have a different charge per side, adapted from [33].

2.1.2. Electrolysis Process
The total electrolysis system does not only comprise the cell described above. Firstly, after
the hydrogen and oxygen gas are produced in the cells, these move on to the hydrogen and
oxygen separator tanks, where the remaining liquid electrolyte is separated from the gas bub-
bles. The gases undergo more purification steps to increase the purity and drying of both
gases. The remaining electrolyte is then pumped back into the electrolysis cells to be reused.
Before it goes into the cells, it is cooled back to the inlet temperature. Since the voltage used
is generally higher than the thermoneutral voltage, the electrolyte is heated inside the cells.
As a result of the reactions shown in equations 2.2 and 2.3, the cathode side consumes wa-
ter while the anode side produces water. Therefore, the electrolyte from the anode (anolyte)



8 2. Theoretical background

and cathode (catholyte) are also mixed before re-entering the cell to prevent concentration
differences.

2.2. Thermodynamics
The energy balance must be known to understand what takes place in the electrolysis cell.
The overall reaction of splitting water into hydrogen and oxygen is:

H2O → H2 +
1
2O2 (2.5)

This can be used to calculate the required cell voltage, which depends on thermodynamics,
specifically the Gibbs free energy, Δ𝐺. This Gibbs free energy can be used to know more
about the thermodynamics of the reaction. If it is positive, then the reaction will not occur
spontaneously. If it is negative, the reaction could happen spontaneously, so the Gibbs free
energy is the minimum energy for the reaction to start. For standard conditions, a temperature
of 25 °C, a pressure of 1 bar, the required Gibbs free energy is as in equation 2.6,

Δ𝐺 = Δ𝐻 − 𝑇 ⋅ Δ𝑆 (2.6)

where the standard enthalpy of formation Δ𝐻 of 286.0 kJ mol−1, and the standard ideal gas
entropy ΔS is 0.163 kJ mol−1. Therefore, the corresponding Gibbs free energy of this reaction
is +237 kJ/mol. Equation 2.7 is used to convert this free energy to the required voltage.

𝑉𝑟𝑒𝑣 = −
Δ𝐺
𝑧 ⋅ 𝐹 (2.7)

Using this Gibbs free energy, the reversible cell voltage 𝑉𝑟𝑒𝑣 can be calculated with the Faraday
constant 𝐹 (96,485 C mol−1) and the number of exchanged electrons 𝑧, which in this case is 2.
For standard conditions, a temperature of 25 °C and pressure of 1 bar, 𝑉𝑟𝑒𝑣 can be calculated
to be 1.23V [35]. This cell voltage is the same as the cell potential E°, as in equation 2.8.

𝐸∘ = 𝐸∘𝑎𝑛 − 𝐸∘𝑐𝑎𝑡ℎ = (−0.40) − (0.83) = −1.23𝑉 (2.8)

Δ𝐺 = −𝑧𝐹𝐸∘
= −2 ⋅ 96485 ⋅ −1.23
= 237.4kJ mol−1

(2.9)

The reversible voltage is as shown in equation 2.8. This voltage is defined for a reversible
reaction in the absence of cell current [22], so the minimum voltage is required. Using this
in equation 2.9, the Gibbs free energy can be calculated for a reversible reaction. The Gibbs
free energy is positive at this voltage, so this is a non-spontaneous reaction and will need an
external energy source. Using a standard temperature of 25 °C and the found value for the
Gibbs free energy, the standard enthalpy of formation can be calculated.

To calculate the reversible cell potential for various temperatures, the following relation is
used [36]:

𝑉𝑟𝑒𝑣 = 1.50342 − 9.956 ⋅ 10−4 ⋅ 𝑇 + 2.5 ⋅ 10−7 ⋅ 𝑇2 (2.10)

Various other relations can be used to calculate the reversible potential; however, these are
mainly designed for PEM electrolysers. Still, for the temperature range used in alkaline water
electrolysis, these give very similar results [37].

The enthalpy of the reaction is higher than the Gibbs free energy, so more external energy
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is needed to drive the reaction, which results in a higher required cell voltage. With this en-
thalpy, the required cell potential for a thermo-neutral reaction can be calculated in equation
2.11.

𝑉𝑡𝑛 = −
Δ𝐻
𝑧 ⋅ 𝐹 (2.11)

For standard conditions, Δ𝐻 = 285.8 kJ mol−1 is used and 𝑉𝑡𝑛 = -1.48V is found [25, 38]. If
the cell potential is smaller than 𝑉𝑟𝑒𝑣, electrolysis can not occur, and hydrogen generation is
impossible. If the cell potential 𝑉𝑐𝑒𝑙𝑙 is lower than the thermoneutral voltage 𝑉𝑡𝑛, but larger
than 𝑉𝑟𝑒𝑣 then heat loss occurs, which is shown in the endothermic region in figure 2.3 [22]. If
the cell potential is higher than 𝑉𝑡𝑛, then heat is generated, and no external heat is required.
The thermoneutral voltage increases due to vapour formation, while the reversible voltage de-
creases due to the reduction of the activation energy.

Figure 2.3: Cell potential for hydrogen production by water electrolysis as a function of temperature for a 35wt%
KOH-solution at ambient pressure. For the lowest region, no reaction is possible. In the endothermic region, the
reaction is possible but will need an external heat source. In the exothermic region, there will be a production of
heat and cooling is required. Adapted from [22].

The amount of produced heat is linear with the current and the voltage difference as shown
in equation 2.12. Part of this heat is lost via heat radiation via neighbouring electrolysis cells,
as in equation 2.13 [25].

𝑄𝑔𝑒𝑛 = 𝑁 ⋅ 𝐼 ⋅ (𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑡𝑛) (2.12)

𝑄𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑄𝑔𝑒𝑛 − 𝑄𝑙𝑜𝑠𝑠 (2.13)

The reversible cell voltage is not only dependent on temperature but also pressure and
molarity, as can be found using the Nernst equation [39],

𝑉𝑟𝑒𝑣𝑇,𝑃 = 𝑉𝑟𝑒𝑣𝑇,𝑃0 +
𝑅𝑇
𝑧𝐹 ⋅ ln [

(𝑃 − 𝑃𝑤)1.5 ⋅ 𝑃∗𝑤
𝑃𝑤

] (2.14)

where 𝑉𝑟𝑒𝑣𝑇,𝑃0 is the reversible cell voltage at a temperature 𝑇 and atmospheric pressure, 𝑃 is
the system pressure, 𝑃𝑤 is the partial pressure of the electrolyte (KOH), and 𝑃∗𝑤 is the partial
pressure of the pure water vapour. This equation needs some changes due to the non-ideality
of the produced hydrogen and oxygen gases, which is done by turning it into a virial equation
of state with a second- and third-order coefficient [36, 40].
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2.3. Electrochemistry
In this part, the electrochemical relations for the redox reaction are discussed. In general,
electrons are transferred from the reducing species to the oxidised species:

red⇔ ox+ 𝑧 ⋅ 𝑒− (2.15)

The electrochemical reactions at the electrodes are caused by the applied voltage to the elec-
trolyser. Earlier, the applied voltage was discussed, but the rate of reaction is also dependent
on several conditions, such as the pre-treatment of the electrodes, composition and concen-
tration of the electrolyte at the electrode and the overpotentials [36]. The Gibbs free energy of
the redox reaction is proportional to the activation overpotential at the electrode.

Δ𝐺𝑐 = Δ𝐺𝑒𝑞𝑐 + 𝛼𝑐𝑧𝐹𝜂
Δ𝐺𝑎 = Δ𝐺𝑒𝑞𝑎 − 𝛼𝑎𝑧𝐹𝜂

(2.16)

in which 𝛼𝑎 and 𝛼𝑐 are the anodic and cathodic transfer coefficients, respectively. The transfer
coefficient defines the level of symmetry of the energy barrier, which, in turn, determines the
direction of the reaction. If the intermediate transition state of the reaction is more like the
original reactant, then 𝛼 becomes closer to 0, but if it is more like the product, then 𝛼 becomes
closer to 1. For the hydrogen electrolysis reaction, it is often between 0.3 and 0.7 and set at
0.5 if unknown. Using the Gibbs free energy corrected for the overpotential in equation 2.16,
the rate of the reduction 𝐾𝑟𝑒𝑑 and oxidation reaction 𝐾𝑜𝑥 can be calculated by the Arrhenius
equation, and expressed as a function of the Gibbs free energy change:

𝐾𝑟𝑒𝑑 = 𝑓𝑟𝑒𝑑 exp [
Δ𝐺𝑎
𝑅𝑇 ]

= 𝑓𝑟𝑒𝑑 exp [
Δ𝐺𝑒𝑞𝑎
𝑅𝑇 ] exp [𝛼𝑎𝑧𝐹𝜂𝑅𝑇 ]

(2.17)

𝐾𝑜𝑥 = 𝑓𝑜𝑥 exp [
Δ𝐺𝑐
𝑅𝑇 ]

= 𝑓𝑜𝑥 exp [
Δ𝐺𝑒𝑞𝑐
𝑅𝑇 ] exp [−𝛼𝑐𝑧𝐹𝜂𝑅𝑇 ]

(2.18)

where 𝜂 is the activation overpotential, 𝑓𝑟𝑒𝑑/𝑜𝑥 is the frequency factor, and 𝛼𝑎/𝑐 is the charge
coefficient or transfer-charge factor for a multi-electron reaction. The net cell current is de-
scribed as

𝑖 = 𝑖𝑎 − 𝑖𝑐 (2.19)

where the partial current of the anode or cathode is proportional to the constant rate of the
reaction at that electrode, the local concentration and the electrode surface. Combining equa-
tions 2.17, 2.18, and 2.19 results in the Butler-Volmer equation for each electrode [41]:

𝑖𝐴/𝐶 = 𝐹𝑘0 (𝐴𝑟𝑒𝑑𝐶𝑟𝑒𝑑 exp [
𝛼𝑟𝑒𝑑𝑧𝐹𝜂
𝑅𝑇 ] − 𝐴𝑜𝑥𝐶𝑜𝑥 exp [

−𝛼𝑜𝑥𝑧𝐹𝜂
𝑅𝑇 ]) (2.20)

where 𝐴𝑟𝑒𝑑/𝑜𝑥 is the electrode surface area, 𝑘0 is the standard rate constant, and 𝐶𝑟𝑒𝑑/𝑜𝑥
is the concentration of the reaction species at the electrode. This current is determined for
both the anode and the cathode. At the anode, the overpotential is positive and often the
second exponential term can be neglected. The overpotential is negative, and then the first
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exponential term can be neglected compared to the second. Therefore, the overall Butler-
Volmer is often described as:

𝑖 = 𝐹𝑘0 (𝐴𝑎𝐶𝑎 exp [
𝛼𝑎𝑧𝐹𝜂
𝑅𝑇 ] − 𝐴𝑐𝐶𝑐 exp [

−𝛼𝑐𝑧𝐹𝜂
𝑅𝑇 ]) (2.21)

For a larger 𝑘0, the equilibrium of the reaction is reached faster, while for a small 𝑘0, this
takes more time. Suppose the potential is increased by 𝜂. In that case, the relative energy
of the electrons will decrease by 𝑧𝐹𝜂, which results in a reduction of the Gibbs free energy at
the cathode by 𝑧𝐹𝛼𝑎𝜂 and an increase of the Gibbs free energy at the anode by 𝑧𝐹𝛼𝑐𝜂. The
exchange current 𝑖0 is the current for which 𝐴𝑎𝐶𝑎 in equation 2.21 is equal to 𝐴𝑐𝐶𝑐. Inserting
𝑖0 into the Butler-Volmer equation gives:

𝑖 = 𝑖0 (exp [
𝛼𝑎𝑧𝐹𝜂
𝑅𝑇 ] − exp [−𝛼𝑐𝑧𝐹𝜂𝑅𝑇 ]) (2.22)

This is valid if it is assumed that the electrolyte concentration is the same at the electrode
surface and in the bulk. If the overpotential 𝜂 is very small, the net current has a linear relation
with the overpotential, which further simplifies the Butler-Volmer relation to:

𝑖 =
𝑗0𝐴𝑎/𝑐𝑧𝐹(𝛼𝑐 + 𝛼𝑎)

𝑅𝑇 ⋅ 𝜂 (2.23)

where 𝑗0 is the current density corresponding to 𝑖0/𝐴𝑎/𝑐. If the magnitude of overpotential
𝜂 ≥ [𝑅𝑇/𝑧𝐹(𝛼𝑎 + 𝛼𝑐))] ⋅ [4.605 + ln(𝐴𝑜𝑥/𝐴𝑟𝑒𝑑)], then one of the exponential terms of the
overpotential becomes less than 1% of the other exponential term and becomes negligible.
Equation 2.23 is then simplified, and the Tafel equation can be used as an approximation
[36, 41]:

𝜂𝑎/𝑐 =
𝑅𝑇

𝑧𝐹𝛼𝑎/𝑐
⋅ ln [ 𝑖

𝑖0,𝑎/𝑐
] (2.24)

2.4. Cell Losses
The electrolysis reaction does not yield a 100% efficiency due to cell losses. These can be
caused by various processes, which will be described below. Due to these losses, the actual
cell potential must be higher than the reversible one.

2.4.1. Stack Efficiency
The most accepted way to calculate the cell efficiency is by taking the product of the Faraday
efficiency and the voltaic efficiency [38].

𝜂𝑐𝑒𝑙𝑙 = 𝜂𝐹 ⋅ 𝜂𝑣𝑜𝑙𝑡 (2.25)

The Faraday efficiency is a mass conservation efficiency. The higher the temperature in the
electrolysis process, the lower the Faraday efficiency because the electrolyte resistance de-
creases for higher temperatures. This leads to higher crossover currents. The same principle
applies to pressure, so the higher the pressure, the lower the efficiency. The Faraday effi-
ciency is used to determine the losses via leakage currents and is calculated as follows [42]:

𝜂𝐹 =
𝑖Δ𝑡/2𝐹 − Δ𝑁𝐻2𝑙𝑜𝑠𝑠

𝑖Δ𝑡/2𝐹 =
𝑖 − 2𝐹𝑛̇𝐻2𝑙𝑜𝑠𝑠

𝑖 = 𝑖 − 𝑖𝑙𝑜𝑠𝑠
𝑖 (2.26)

where 𝑛̇𝐻2𝑙𝑜𝑠𝑠 = Δ𝑁𝐻2𝑙𝑜𝑠𝑠/Δ𝑡. The voltaic efficiency is an energy efficiency and is calculated
as in the following equation [24, 38, 42]:

𝜂volt =
Δ𝐻𝑟𝑒𝑣

Δ𝐻𝑟𝑒𝑣 + 𝑧𝐹𝜂𝑙𝑜𝑠𝑠
= Δ𝐺𝑟𝑒𝑣 + Δ𝑄𝑟𝑒𝑣
𝑧𝐹𝑉𝑐𝑒𝑙𝑙 + Δ𝑄𝑟𝑒𝑣

= 𝑉𝑡𝑛
𝑉𝑡𝑛 + 𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑟𝑒𝑣

(2.27)
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where 𝜂𝑙𝑜𝑠𝑠 = 𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑟𝑒𝑣. The voltaic efficiency is 100% for a reversible cell potential. The
real cell voltage can also be determined differently. In this case, it is the sum of the reversible
voltage and all overpotentials; activation overvoltages (𝑉𝑐𝑎𝑡, 𝑉𝑎𝑛), ohmic overpotentials (𝑉𝑜ℎ𝑚),
and concentration overpotentials (𝑉𝑐𝑜𝑛𝑐) [14, 25, 37]:

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑟𝑒𝑣 + 𝑉𝑎𝑐𝑡 + 𝑉𝑜ℎ𝑚 + 𝑉𝑐𝑜𝑛 (2.28)

According to David et al. [27], the greatest loss of efficiency in an electrolyser, in order of
priority, is as follows:

1. Hydrogen bubble phenomena on the surface of electrodes

2. Ionic resistance of the electrolyte

3. Presence of oxygen bubbles

4. Resistance of diaphragm

2.4.2. Ohmic Overvoltage
In equation 2.28, ohmic overvoltage 𝑉𝑜ℎ𝑚 is mainly caused by the resistance of cell elements to
the electron flow, such as a bubble layer on the electrodes and current collectors (𝑅𝑎𝑛𝑜𝑑𝑒 and
𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒). It can also be due to the ion flow being in the opposite direction to electrolyte flow
(𝑅𝑖𝑜𝑛𝑠) or gas bubbles (𝑅𝑏𝑢𝑏𝑏𝑙𝑒𝑠,𝑂2/𝐻2). Therefore, the losses due to the flow are proportional to
the gap distance and the distance. In current electrolysers, a minimal gap or zero-gap is used
to reduce this because it was shown that the voltage decreased as the gap size decreased.
However, for larger current densities but within the range of an alkaline electrolyser, there is
an optimum space of around 1-2mm because the voltage increases when the gap becomes
very small. This is due to bubbles taking up a large space of the little electrolyte volume, which
increases the resistance again [21, 43]. All ohmic resistances can be added in series [44]:

∑𝑅𝑖 = 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝑅𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑏𝑢𝑏𝑏𝑙𝑒,𝑂2 + 𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 + 𝑅𝑖𝑜𝑛𝑠 + 𝑅𝑏𝑢𝑏𝑏𝑙𝑒,𝐻2 + 𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (2.29)

The resistance of the membrane (𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒) or diaphragm is determined by the material
and the thickness. For a zero-gap cell, the diaphragm becomes more important. The ohmic
losses due to the diaphragm are proportional to the thickness of the membrane.
The resistance can be calculated using two methods, in which the first is Ohm’s law and the
second is to calculate the resistance of the circuit:

𝑅 = 𝑉
𝐼 (2.30)

𝑅 = 𝑙
𝜅𝐴 (2.31)

in which 𝑙 is the length of the wires, 𝜅 is the specific electrical conductivity, and 𝐴 is the cross-
sectional area of the wires.

2.4.3. Activation Voltage Electrodes
The activation overvoltage results from electrode kinetics, which is the loss when energy is
transferred between the charge of the electrode and the chemical species. This highly de-
pends on the catalytic properties of the electrode, as discussed before. The overpotential of
the cathode is generally higher than the overpotential of the anode, and together, they are
non-linear with the electric current because the relation is logarithmic [22]. The overpotentials
can be calculated using equation 2.24.
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2.4.4. Concentration Overvoltage
The last overvoltage is caused by concentration differences in the cell due to mass transport
processes. For high current densities, the electrode reaction rate becomes so high that the
diffusion of substrates and products is the limiting reaction rate. This leads to a concentration
gradient between the electrolyte at the electrode and the bulk of the electrolyte. However, this
phenomenon only occurs for higher current densities, while alkaline electrolysers use lower
current densities. Therefore, this concentration overvoltage 𝑉𝑐𝑜𝑛 is much smaller than the
other overvoltages above [14, 37]. This can thus often be neglected for low current densities.

2.4.5. I-V Curve
The reversible and thermoneutral cell voltages depend on the cell’s current density, which can
be visualised in a polarisation curve, also known as an I-V curve. This curve is needed because
it shows the energy demand needed for hydrogen production. This curve varies for different
temperatures because both the reversible and the thermoneutral cell voltage decrease for
higher temperatures. This is logical, considering the increased energy input from heat. This
curve is almost independent of pressure. The required voltage very slightly increases for
higher pressures, while the excess heat decreases [25].

The I-V curve is affected by different components, as described before, shown in figure 2.4
[39]. This shows that the increase in cell voltage for higher current densities mainly originates
from the linear increase in ohmic loss in the electrolyte [22, 45, 46].

Figure 2.4: Characteristic I-V curve of a typical electrolysis cell. The several elements contributing to the total cell
potential are shown. This is an example, and the total cell potential will vary depending on parameters such as
pressure, temperature and electrolyte concentration.

2.4.6. Bubble Effect
During the electrolysis, gas bubbles of hydrogen and oxygen form on the electrodes, which
reduces the reaction area of the electrodes and blocks the transfer of electrons from the elec-
trode to the electrolyte. The bubbles grow in size and are released into the electrolyte when
they have reached a critical size. Due to the reduced area of the electrodes, the local cur-
rent density increases. As the current density increases, the gas formation also increases,
resulting in a larger bubble effect and more losses [36, 47]. These losses can lead to a high
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overpotential and are part of the ohmic losses as described before because they block the
ion flow from and to the electrode [22]. Usually, the reaction overpotential can be described
using the Tafel equation, as in equation 2.32. To correct for the reduced area due to bubble
formation, equation 2.34 is used [7]:

𝜂 = 𝑎 + 𝑏 log 𝑖 (2.32)
To calculate the real overpotential 𝜂𝜃, a current density 𝑗𝜃 correcting for the bubble coverage
is used:

𝑗𝜃 =
𝑖

𝐴(1 − 𝜃) (2.33)

which gives

𝜂𝜃 = 𝑎 + 𝑏 log
𝑖

𝐴(1 − 𝜃)

= 𝑎 + 𝑏 log 𝑖𝐴 + 𝑏 log
1

(1 − 𝜃)

= 𝜂 + 𝑏 log( 1
1 − 𝜃)

(2.34)

where 𝜃 is the bubble coverage ratio on the electrode surface and has a value between 0 and
1. To reduce the bubble effect, mechanical circulation can be introduced so the bubbles are
released faster. Another option is to use additives to alter the electrolyte’s surface tension,
but of course, this might have side effects on the reaction chemistry [22]. Furthermore, it is
thought that for increasing electrolyte flow, the bubble formation decreases [48].

2.5. Leakage Currents
One of the first papers that showed modelling of leakage currents used an electrical network
for a bipolar cell stack [49–51]. Using Kirchoff’s laws, it was found that the leakage current is
higher for the cells at the beginning and end of the stack. The difference between the applied
current and cell current builds up and is, therefore, highest in the middle of the stack [20, 49].
Using this resistance network to get a set of linear equations, it was found that the leakage
current is larger for an increasing number of cells in the stack [52]. This leakage current was
largely affected by internal resistances in the direction of the battery current.

The leakage current for an increasing number of cells does not increase linearly. If the
number of cells increases, the average leakage current per cell decreases. Comninellis et al.
[53] showed that this non-linear relation is mainly present at low current densities. For higher
current densities, the curve does become almost linear, but the slope of the curve is flatter
than for lower current densities. If this model is scaled up, the leakage currents become lower
for high current densities and longer electrodes [20, 54].

If the bubble coverage and resistance due to bubbles are considered, the leakage current
as a function of current density is an almost linear relation. The current efficiency increases
to an asymptotic value for higher current densities [55]. Lastly, the voltage does not directly
affect the leakage current [56].

2.5.1. Protective Currents
As described in various patents ([57–59]), it might be beneficial to add a protective current to
the electrolysis system. This current is applied through themanifolds and reduces the potential
difference between the active area of the cell and the manifold, reducing the loss of current
through the manifold. It has not yet been described if this method results in a higher efficiency
since the energy for the extra current must also be taken into account.
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2.6. Electrical Circuits
An electrical circuit is a network of electrical elements. An electrical element can be, for in-
stance, a resistance, voltage source, or current source. It is a closed loop, meaning all current
stays within the network. There are a few basic laws for electrical circuits [60]; Kirchoff’s cur-
rent law states that all currents leaving a node must equal all currents entering that same
node. Kirchoff’s voltage law states the sum of all potential differences around a loop must be
zero. Lastly, Ohm’s law states that the voltage through a resistor is equal to the product of the
current and resistance at that point, also known as 𝑉 = 𝐼 ⋅ 𝑅.

A current will follow a path of least resistance if multiple routes are possible in a circuit.
When there are multiple resistances in parallel, a current will divide itself between the resis-
tances depending on the magnitude of the resistance. The higher the resistance, the less
current will go through, assuming the voltage stays constant.

2.7. Flow Patterns and Pressure Drop
While modelling the stack, it could be interesting to research the pressure drop over the sys-
tem. Several aspects need to be taken into account to calculate this pressure drop. Firstly, the
flow is incompressible, so the density does not change with time. Also, the flow is considered
diphasic with a liquid and gas flow. The momentum equation at the integral scale is as follows:

𝑑
𝑑𝑡∭𝐶𝑉

𝜌𝑢 𝑑𝑉 = −∯
𝐶𝑆
𝜌𝑢 ⋅ 𝑢𝑛̂ 𝑑𝑠 +∭

𝐶𝑉
𝑓 𝑑𝑉 +∯

𝐶𝑆
𝑡 𝑑𝑠 (2.35)

where 𝑢 is a flow velocity vector. The total momentum in the control volume (left of the equa-
tion) consists of the total flux of momentum through the control surface, the surface forces on
the control surface, and the body forces in the control volume. The momentum equation in
vector equation is as follows:

𝜌 (
𝜕𝑢
𝜕𝑡 + 𝑢 ⋅ ∇𝑢) = −∇𝑝 + 𝜇∇

2𝑢 + 𝑓 (2.36)

Then, some assumptions need to be made to use the momentum equation in 3D. In this case,
ideal flow is considered, which means that the flow is both irrotational and incompressible.

1. The flow is irrotational, so the vorticity is 0: 𝜔 ⋅ (∇ × 𝑢) = 0;

2. If ∇ × 𝑢 = 0, then 𝑢 = ∇Φ;

3. The flow is incompressible, so ∇ ⋅ 𝑢 = 0. Considering the irrotational argument, this
means that ∇ × (∇Φ) = 0 → ∇2Φ = 0;

4. For an ideal flow 𝜔 = ∇×𝑢, so ∇×𝜔 = ∇×(∇×𝑢) = ∇(∇⋅𝑢)−∇⋅(∇𝑢). Using assumption
1 and 3, it is found that −∇2𝑢 = 0.

Using the steps above, the momentum equation from equation 2.36 becomes:

𝜌 (
𝜕𝑢
𝜕𝑡 + 𝑢 ⋅ ∇𝑢) = −∇𝑝 + 𝑓 (2.37)

This results in the strong form of the Bernoulli equation:

𝜌𝜕Φ𝜕𝑡 + 𝑃 +
1
2𝜌|𝑢|

2 + 𝜙 = constant(𝑡) (2.38)
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2.7.1. Poiseuille Flow
In the case of the electrolyser, the flow is an unidirectional flow inside the cell. Since both walls
are stationary, this can be seen as a Poiseuille flow. Now, the momentum equation reduces
to:

0 = 𝜕𝑝
𝜕𝑥 + 𝜇

𝜕2𝑢
𝜕𝑦2 (2.39)

with the parameters as described in figure 2.5.

Figure 2.5: Horizontal Poiseuille flow. Pressure drop over length L in the x-direction. It is assumed that the walls
are stationary and the flow is unidirectional.

Using the following steps, the flow velocity 𝑢(𝑥) can be found.

𝑝− − 𝑝+
𝐿 = Δ𝑃

𝐿 = 𝜇𝜕
2𝑢
𝜕𝑦2

𝜕2𝑢
𝜕𝑦2 = −

1
𝜇
Δ𝑝
𝐿

∫ 𝑑𝑦−−−→ 𝜕𝑢
𝜕𝑦 = −

Δ𝑝
𝜇𝐿𝑦 + 𝐶1

∫ 𝑑𝑦−−−→ 𝑢 = − Δ𝑝2𝜇𝐿𝑦
2 + 𝐶1𝑦 + 𝐶2

(2.40)

To find the values for the constants, the boundary conditions are used. The only boundary
condition used is that the walls are a no-slip surface, so the flow velocity is zero at the wall.

𝑢(𝑦 = ℎ
2) = 0

𝑢(𝑦 = −ℎ2) = 0
}
0 = − Δ𝑝2𝜇𝐿

ℎ2
4 + 𝐶1

ℎ
2 + 𝐶2

0 = − Δ𝑝2𝜇𝐿
ℎ2
4 − 𝐶1

ℎ
2 + 𝐶2

⎫⎪
⎬⎪⎭

2𝐶2 =
Δ𝑝
4𝜇𝐿

𝐶1 = 0
}𝑢(𝑦) = −Δ𝑝

2𝜇𝐿 (𝑦
2 − ℎ

2

4 ) (2.41)

For a single phase, laminar flow in a tube (𝑅𝑒 ≤ 2100), the pressure drop can be calculated
using the Hagen-Poiseuille equation [61], adapted for pipes with a non-circular cross-section:

Δ𝑝
𝐿 = 14.2

𝑅𝑒 (12𝜌𝑈
2) 4
𝐷𝐻

(2.42)

in which𝐷𝐻 is the hydraulic diameter, an adjusted diameter for a non-circular pipe. This formula
is explained further in section 2.7.4.

2.7.2. Pressure Drop in Two-Phase Flow
There are several vertical two-phase flow regime types, as shown in figure 2.6 [62]. Bubble
flow is present at very low liquid and gas velocities when the liquid phase is continuous, and
the gas phase is present in small bubbles. Bubble flow is split into two types, the first being
bubbly flow, where the relatively larger gas bubbles move faster than the liquid phase. The
second type is dispersed bubble flow, where the bubbles are smaller and have the same ve-
locity as the liquid phase. Slug flow is characterised by coalescing bubbles, also known as
Taylor bubbles. The diameter of these bubbles is almost equal to the diameter of the pipe,
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creating a liquid film close to the wall. The length of the bubble can be multiple times the
diameter. In between these large bubbles is liquid flow with smaller bubbles, known as liquid
plugs. Overall, the velocity of the gas phase is larger than the velocity of the liquid phase
[63, 64]. Churn flow arises when the liquid phase in between the Taylor bubbles is filled by
gas. This process has an oscillatory nature and may turn the flow into froth. This phenomenon
is usually not present in small-diameter pipes. When the gas phase becomes continuous in
the centre of the pipe, while the liquid is present as a thin film at the wall, the flow is called
annular flow. There may also be some tiny liquid drops dispersed into the gas phase.

Figure 2.6: Types of vertical two-phase flow regimes, adapted from [62]. Bubble flow (a) presents as a liquid flow
with gas bubbles. Slug flow (b) is still a liquid flow but with larger gas bubbles, almost equal to the diameter of
the pipe. Churn flow (c) has an oscillatory nature because the space in between Taylor bubbles is filled with gas,
which may turn into froth. In annular flow (d), the liquid is mostly present at the walls with a gas stream containing
liquid droplets through the middle of the pipe.

The horizontal two-phase flow has different characteristics than the vertical flow, as pre-
sented in figure 2.7. Again, the bubble flow is present in a continuous liquid flow. The bubbles
are more present in the upper half of the pipe due to buoyancy effects. The liquid and gas flow
rate can be higher than for vertical bubble flow. For lower gas and liquid flow rates, the small
bubbles coalesce to form larger pointy bubbles called plug flow. If the gravitational effects are
also considered, this can cause total separation of the gas phase from the liquid phase. This
is called stratified flow and can either be smooth or wavy, with the latter happening if the gas
velocity increases. The liquid level becomes wavier for even higher gas and liquid flows until
the wave is as high as the pipe diameter, which blocks the gas flow. This liquid part is then
pushed forward by the gas flow, which causes the pipe to have large gas bubbles and high
liquid levels (liquid slugs) alternate throughout the pipe. Liquid droplets can be entrapped in
the gas flow, and gas droplets can be dispersed in the liquid flow. For an increasing gas flow
rate, the gas phase can become present in a large part of the pipe, with the liquid present as
a thin film, mostly at the bottom, due to gravity effects. The gas phase can contain dispersed
liquid droplets.
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Figure 2.7: Types of horizontal two-phase flow regimes, adapted from [62]. Bubble flow (a) presents as a liquid
flow with gas bubbles. Plug flow (b) is still a liquid flow but with larger bubbles. Stratified flow (c&d) happens when
the liquid and gas are separated. If the gas velocity increases, the stratified flow becomes wavier. In slug flow (e),
the large gas bubbles and liquid droplets alternate and are pushed forward throughout the pipe. In annular flow
(f), the liquid is present at the bottom, with a gas flow containing liquid droplets at the top.

To calculate the pressure drop, firstly, some non-dimensional numbers are introduced. The
Bond number is the balance between the gravitational forces and the forces due to surface
tension:

Bo =
(𝜌𝑙 − 𝜌𝑔)𝑔𝑑2

𝜎 (2.43)

where 𝜌 is the density of the liquid or gas, 𝑔 is the gravitational constant, 𝑑 is the diameter of
the tube, and 𝜎 is the surface tension of the electrolyte. For a bond number smaller than 3.37,
the bubbles will not rise spontaneously [65], and the diameter will usually be between 1 and
2mm. A second non-dimensional number is the Froude number, which balances the inertial
and gravitational forces:

Fr = 𝑢𝑏
√𝑔𝑑

(2.44)

where 𝑈𝑏 is the bubble velocity. When the Froude number is plotted against the Bond number,
it is found that the bubble velocity becomes 0 for a Bond number smaller than 4. A third non-
dimensional number is the capillary number, which balances the viscous forces and the surface
tension:

Ca = 𝜇𝑙𝑢𝑏
𝜎 (2.45)
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where 𝜇𝑙 is the viscosity of the liquid. The bubbles are not axisymmetric and flatten out for
Ca<0.1, while the bubbles are more axisymmetric or round for Ca>>0.1. The asymptotic limit
of the bubble size is then up to 0.68 times the diameter of the channel.

2.7.3. Gravitational Pressure Drop
The gravitational pressure drop is not dependent on the flow velocity and is calculated as
follows:

Δ𝑃 = 𝜌𝑔Δℎ (2.46)

where Δℎ is the vertical displacement of the fluid flow in m.

2.7.4. Frictional Pressure Drop
Using Perry’s Handbook for Chemical Engineers [66], the standard formulas for the friction
coefficient for several flow regimes are found, with one applicable for all regimes. The pressure
drop is calculated as follows:

Δ𝑃 = 𝑓 𝐿𝐷𝐻
𝜌𝑢2
2 (2.47)

For circular pipes, the diameter of the pipe can be used, but for rectangle-shaped pipelines,
the hydraulic diameter 𝐷𝐻 is used, which is the ratio between the cross-sectional area and the
wetted perimeter of the flow:

𝐷𝐻 =
4 ∗ area

wetted perimeter = 4 ∗
𝑎𝑏

2(𝑎 + 𝑏) (2.48)

where 𝑎 is the width of the channel and 𝑏, is the height of the channel.
For laminar flow (𝑅𝑒 ≤ 2100), the friction factor is described by the Hagen-Poiseuille equation:

𝑓 = 16
𝑅𝑒 (circular), 𝑓 = 14.2

𝑅𝑒 (non-circular) (2.49)

The friction coefficient 𝑓 can also be calculated using a single equation for all single-phase
flow regimes:

𝑓 = 2 ⋅ [( 8𝑅𝑒)
12
+ 1
(𝐴 + 𝐵)3/2 ]

1/12

𝐴 = [2.457 ln( 1

( 7𝑅𝑒)
0.9
+ 0.27 𝜖𝑑

)]

16

𝐵 = [37530𝑅𝑒 ]
16

(2.50)

The frictional loss coefficient 𝐾 can be determined for different types of losses and is related
to the friction factor using the following equation:

𝐾 = 𝑓 𝐿𝐷𝐻
(2.51)
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Expansion and contraction losses
Losses due to direct contractions are almost negligible since the flow is pushed together, which
leaves little space. The loss coefficient for direct expansion 𝐾𝑒𝑥𝑝 is:

𝐾𝑒𝑥𝑝 = [1 −
𝐴𝑖𝑛
𝐴𝑜𝑢𝑡

]
2

(2.52)

where A is the cross-sectional area of the pipe.

Manifold losses
Manifolds are used to split and combine flows. The inlet manifold of the electrolyser splits
the flow into the different cells, while the upper manifold combines the flows. For an optimal
flow distribution, the total cross-sectional area of all branches combined must be a maximum
of half of the total cross-sectional area of the manifold tube [67]. As shown in figure 2.8, the
pressure drops at the branches have different frictional loss coefficients.

Figure 2.8: Inlet and outlet flows in branches, derived from [67].

These frictional loss coefficients 𝐾𝑖𝑗 are defined as:

𝐾𝑖𝑗 =
𝑃𝑖 − 𝑃𝑗

mean velocity pressure in 3 (2.53)

and can be found in figure 2.9, using the volumetric flow ratio 𝑄1/𝑄3. This equation is valid for
a flow ratio between 0 and 1.

Friction factor for non-circular channels
Angeli and Gavriilidis ([65]) looked into the hydrodynamics of Taylor flow in capillary channels.
Elongated bubbles characterise Taylor flow with lengths equal to multiple times the diameter
of the flow channel. For non-circular channels, like square channels, the friction factor can be
calculated:

𝑓 = 14.2
𝑅𝑒 [1 + 𝛼𝑙

𝑑
𝐿𝑠
(𝑅𝑒𝐶𝑎)

1/3
] (2.54)

where 𝛼1 is a dimensionless fitting parameter. This equation is valid for 2 × 10−3 < 𝐶𝑎 <
4 × 10−2 and 𝑅𝑒 of the order of 100 [61, 65]. If both the Reynolds and capillary numbers are
very small (𝐶𝑎 << 1 and 𝐶𝑎 × 𝑅𝑒 << 1), the previous equation can be combined with the
Bretherton equation [65]:

𝑓 = 14.2
𝑅𝑒 [1 + 𝑑

𝐿𝑠
0.456
𝐶𝑎1/3 ] (2.55)
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Figure 2.9: Flow in dividing (a), and splitting (b) T-junctions. The loss coefficients 𝐾𝑖𝑗 depend on the volumetric
flow ratio, defined as the ratio of the volumetric flow rate of the branch to that of the manifold. Derived from [67]

If the pipe is circular, then the first coefficient of 14.2 is changed into 16. The pressure drop
Δ𝑃 can then be calculated using this formula:

Δ𝑃
𝐿 = 2𝑓𝑢2𝑚𝜌𝑙

𝑑 Φ𝑙 (2.56)

where 𝐿 is the channel length, 𝑈𝑚 is the flow velocity of the mixture, and Φ𝑙 is the liquid phase
volume fraction.





3
Methods

This chapter contains four sections, the first about the setup of experiments and the second
and third about the design of two different models. Firstly, experiments are performed, which
will be used to validate the models. Then, the first model is created in COMSOL Multiphysics
software using the desired geometry from the experimental test cells. This model uses several
modules that will be discussed in this second part. Lastly, several parameters can be changed
to fit the data of the experiments to the COMSOL model, and these will be predicted using an
already developed in-house model. Also, a model based on an equivalent electrical circuit of
an electrolysis stack rather than multiphysics is used for validation. The fourth section is about
calculating the pressure drop of the experimental setup.

3.1. Design of Experiments
Two setups were built to gather experimental data, comprising one R&D test cell, and amodule
consisting of eight cells of the same kind in series. The single-cell setup is needed to find the
polarisation curve without leakage currents to find the single-cell losses. Afterwards, the multi-
cell system was built using the same principle.

The R&D test cells used are not identical to the actual cells commercially used by XINTC
but have different dimensions for two reasons: creating larger leakage currents and for the
sake of confidentiality. The test cells are all connected in series, resulting in an almost constant
current (aside from losses due to leakage currents) and a voltage equal to the cell voltage
multiplied by the number of cells. The design of the cells is shown in figure 3.1 (2D) and
figure 3.2 (3D). Hydrophobic diaphragms are used because they are considerably cheaper
than hydrophilic diaphragms but have similar performance.

For both systems, the following data was measured:
• Total stack current
• Total stack voltage
• Temperature at both inlets, both outlets and separator tank
• Total stack Faraday efficiency
• Cell voltage
• Produced hydrogen per stack

The used flowmeters are the Tylan FM360 and the Tylan FM380, which both have an accuracy
of ±1%, while the repeatability is ±0.2% [68, 69].

22
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Figure 3.1: Graphical representation of a single electrolysis cell in 2D. The cell is pictured from the front (left) and
the side (right). The liquid enters the cell via the inlets at the bottom and moves upwards along the electrodes
towards the outlets. Bubbles are formed at the electrode via the electrolysis reactions. For these reactions to
happen, hydroxide ions migrate from the cathodic side through the diaphragm to the anodic side. This figure does
not scale with the actual cells.

Figure 3.2: Graphical representation of a single electrolysis cell in 3D. In a multi-cell system, all inlets and outlets
are connected in series via the manifold (right). The liquid enters the cell via the inlets at the bottom and moves
upwards along the electrodes towards the outlets. Bubbles are formed at the electrode via the electrolysis reac-
tions. For these reactions to happen, hydroxide ions migrate from the cathodic side through the diaphragm to the
anodic side.
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3.1.1. Design inlets
The inlet design is different from the outlet design. While the outlets are straight and have a
similar length to the cell’s width, the inlets are zigzag-shaped and narrowed. This lengthened
the inlet channel by a factor of three, as shown in figure 3.3. In this thesis, two inlet designs
are used. First, the long zigzag inlet is used, and this is later compared to the shorter inlets,
which are the same size as the outlets.

Figure 3.3: Zigzag inlet of electrolyser. The flow enters on the left and enters the active cell area on the right.

3.2. COMSOL Model
One or various modules must be chosen to build the COMSOL model. The main one is the
Water Electrolyzer module. Also, a module for the flow has to be selected depending on the
flow type through the system.

3.2.1. Water Electrolyzer
The water electrolyzer is a standard module of COMSOL [70], which has been adapted to
match XINTC test cells. This module is used for modelling the alkaline electrolysis reactions.
The electrolyte, hydrogen gas, and oxygen gas phases are assigned, as well as the current
collectors (electrodes) and the separators (diaphragm). The module calculates the required
input currents using a range of produced voltages. The cells are connected in series, so the
current should be constant.

This module produces several results. Firstly, a polarisation plot is made for the range
of calculated current densities versus the cell potential. Also, the electrode and electrolyte
potential are visualised, and the Faraday and total efficiency of the stack are calculated and
plotted. These are calculated using equations 3.1 and 3.2. The found graphs can be fitted
to match the experimental data by varying three parameters, being the permeability of the
membrane (between 30% and 50%), and the exchange current densities of the anode and
cathode (between 10−6 and 100 A/m2). The peak of values for the cathode lies between 1-10
A/m2, while this peak is lower for the anode, around 10−3 to 10−1 [71–75]. The main goal of
using this module is to determine the basic electrochemical relations caused by the electrolysis
reactions.

𝜂𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 =
∑ 𝑖𝐻2

𝑖𝑠𝑡𝑎𝑐𝑘 ⋅ 𝑁𝑐𝑒𝑙𝑙𝑠
(3.1)

𝜂𝑡𝑜𝑡𝑎𝑙 =
∑ 𝑖𝐻2 ∗ 𝐸𝑒𝑞,𝑐𝑒𝑙𝑙
𝑖𝑠𝑡𝑎𝑐𝑘 ⋅ 𝐸𝑠𝑡𝑎𝑐𝑘

(3.2)

in which ∑ 𝑖𝐻2 is the total current used for hydrogen production and 𝑖𝑠𝑡𝑎𝑐𝑘 is the inlet current.

3.2.2. Laminar Flow
The Reynolds number needs to be determined to determine if the flow is laminar or turbulent.
This is calculated in the following steps:

𝑅𝑒 = 𝜌𝑣𝐷
𝜇 (3.3)
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in which 𝜌 is the density of the electrolyte:

𝜌 = total mass
total volume =

300kg+ 700kg
0.142m3 + 0.700m3 = 1188kg/m3 (3.4)

and 𝑣 is the velocity of the fluid:
𝑣 = 300cm3/min = 2.083cm/s (3.5)

using an inlet height of 1.2cm and a width of 2.0cm. Using these values, also the equivalent
diameter can be calculated:

𝐷𝑒𝑞 =
4 ⋅ 𝐴
𝑃 = 4 ⋅ 2.0 ⋅ 1.2

2.0 + 2.0 + 1.2 + 1.2 = 1.5cm (3.6)

Lastly, the viscosity of the mixture is taken to be 1.7mPa⋅s [76]. Combining all of the above,
a Reynolds number of 218 is found. For a Reynolds number smaller than 2000, the flow is
assumed to be laminar, so in this case, it is valid to assume that the flow in the electrolyser is
laminar. The laminar flow module is used in the COMSOL model to help model the flows in
the system and calculate more accurate results using the Water Electrolyzer module.

By calculating the results whilst using the two modules above, several plots can be produced.
Firstly, the coulombic efficiency (also known as the Faraday efficiency) for several inlet currents
can be plotted. This efficiency is calculated as in equation 3.1. Also, the leakage current for
each of the four escape options per cell (two inlets and two outlets) is calculated and plotted
per cell. This can then be used to plot the current through the cells by subtracting all losses.

3.3. Equivalent Electrical Circuit (EEC) Model
Rather than using physical relations, Jupudi et al. [20] researched quantifying leakage currents
using an electrical circuit. By calculating all resistances, they attempted to find the fraction of
current leaking per cell by finding the resistance for each possible path. All inlet resistances
only consider the electrolyte resistance, but the gas fraction is also considered for other resis-
tances throughout the cell. However, much rewriting is needed to solve this set of equations
simultaneously, including some simplifications. The results obtained from implementing the
work by Jupudi et al. show a near-constant current leakage throughout the stack, which does
not seem physical. As will be demonstrated throughout this thesis, the observed behaviour
may stem from a numerical artefact resulting from the use of difference calculus by Jupudi et
al. [20].

Therefore, a new model of the electrolyser stack was developed based on an equivalent
electrical circuit (EEC), as shown in figure 3.4, for which all resistances need to be defined.
To do so, first, the molarity and conductivity need to be determined. The molarity (mol/L) and
conductivity (S/cm) of the electrolyte are both temperature dependent and calculated as in
equations (3.7, 3.8) for a KOH-solution with a weight percentage of 30% [77, 78]:

𝑚 = 𝑤𝑡 ∗ (183.1221 − 0.56845 ∗ 𝑇 + 984.5679 ∗ exp ( 𝑤𝑡
115.96277)) /(100 ∗ 56.105) (3.7)

𝑘 = −2.041∗𝑚−0.0028∗𝑚2+0.005332∗𝑚∗𝑇+207.2∗𝑚𝑇 +0.001043∗𝑚
3−0.0000003∗𝑚2∗𝑇2

(3.8)
Furthermore, the gas fraction in the outlet ports of the anode and cathode section needs to
be calculated before determining the various resistances. This is done in the following steps
[79, 80]:

𝜃 = (−97.25 + 182 ∗ ( 𝑇
𝑇𝑟𝑒𝑓

) − 84 ∗ ( 𝑇
𝑇𝑟𝑒𝑓

)
2
) ∗ ( 𝐼

30 ∗ 𝐴)
0.3

(3.9)
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𝜖 = 2
3 ∗ 𝜃 (3.10)

𝑎𝑒,𝐶 = 2 ∗ 𝜖
𝑎𝑒,𝐴 = 𝜖

(3.11)

where 𝜃 is the bubble coverage, 𝜖 is a factor for calculating the void fraction in the electrolyte,
with 𝑇𝑟𝑒𝑓 = 300𝐾, and 𝑎𝑒,𝐶/𝐴 is the gas fraction at the top of the electrolysis. Several equations
can be used to describe the increased resistance due to the gas fraction at the outlet. In this
thesis, the Maxwell relation is chosen [36]. The various resistances in the electrolyser can be
calculated as follows:

𝑅𝑖 =
𝐿𝑖
𝑘𝐴𝑖

(3.12)

in which 𝑅𝑖 is the inlet resistance, 𝐿𝑖 is the length of the inlet, 𝑘 is the conductivity, and 𝐴𝑖 is
the area through which the fluid flows in the inlet.

𝑅𝑚,𝑖 =
𝐿𝑚,𝑖
𝑘𝐴𝑚,𝑖

(3.13)

in which 𝑅𝑚,𝑖 is the resistance of the manifold connecting the inlets, 𝐿𝑚,𝑖 is the length of the
manifold, 𝑘 is the conductivity, and 𝐴𝑚,𝑖 is the area through which the fluid flows in the manifold.

𝑅𝑒 = 𝑅𝑖 ∗ g(𝑎𝑒,𝐶/𝐴) (3.14)

𝑅𝑚,𝑒 = 𝑅𝑚,𝑖 ∗ g(𝑎𝑒,𝐶/𝐴) (3.15)

in which 𝑅𝑒 is the resistance of the outlet, 𝑅𝑚,𝑒 is the resistance of the manifold connecting
the outlets, g(𝑎𝑒,𝐶/𝐴) is a function of the gas fraction at the top of the cell, as described via the
Maxwell relation [36]:

𝑔(𝑥) = 1 + 0.5 ⋅ 𝑥
1 − 𝑥 (3.16)

𝑅𝑒 can also be calculated using the Bruggeman relation, which, for the range used in this work,
gives the same values as the Maxwell relation [36]:

𝑅𝑒 =
𝑑𝐶/𝐴
𝑘𝐴 ⋅ (1 − 𝑎𝑒,𝐶/𝐴)−1.5 (3.17)

in which 𝑅𝑒 is the electrolyte resistance for the anodic or cathodic side. 𝑑𝐶/𝐴 is the cathodic or
anodic gap, and 𝜖 is the void fraction in the electrolyte.

𝑅𝑠 =
𝜏𝑠2 ⋅ 𝑑𝑠

𝑘 ⋅ 𝐴 ⋅ 𝜔𝑠 ⋅ 𝜖𝑠
(3.18)

where 𝜏𝑠 is the tortuosity,𝜔𝑠 is the wettability, and 𝜖𝑠 is the porosity of themembrane. Other cell
resistances, namely the extra resistance due to the cathodic and anodic overpotentials, are
added to the diaphragm resistance in themodel since the electrodes are next to the diaphragm.
If the current is smaller than four times the exchange current density, then the overpotential is
calculated as follows:

𝑈𝑐𝑎𝑡ℎ/𝑎𝑛 =
𝑅 ⋅ 𝑇

𝑧 ⋅ 𝛼𝐶/𝐴 ⋅ 𝐹
⋅ arcsinh 𝐼

2 ⋅ 𝑖0,𝐶/𝐴
(3.19)

If the current is bigger than four times the exchange current density, then the overpotential is
calculated using the Tafel equation:

𝑈𝑐𝑎𝑡ℎ/𝑎𝑛 =
𝑅 ⋅ 𝑇

𝑧 ⋅ 𝛼𝐶/𝐴 ⋅ 𝐹
⋅ ln 𝐼

𝑖0,𝐶/𝐴
(3.20)
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The electron transfer coefficients for a 30wt% KOH only depend on the temperature and can
be calculated using the following relations [36, 81]:

𝛼𝑎 = 0.0675 + 0.00095 ∗ 𝑇 (3.21)

𝛼𝑐 = 0.1175 + 0.00095 ∗ 𝑇 (3.22)

Using all resistances above, an electrical circuit can be made in Python using the PySpice
module. The resistance scheme was created for N number of cells, and using a simulator, the
current at all resistances could be calculated, of which the final result is shown in figure 3.4. All
named nodes and resistances need to have an individual number to calculate the current and
voltage for individual resistances. Therefore, these are all numbered, using seven resistances
and 11 nodes per cell. Since the default setting of Python is to start counting at 0 instead of
1, n needs to be replaced with n+1 in Python.

(a)

(b)

Figure 3.4: Resistance scheme of the EEC model with the names for the nodes (a) and the resistances (b). Cell
1 and N are fixed, but the middle cell can be repeated for N number of cells. To use the names for these nodes in
Python, replace n with n+1.
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3.3.1. Predicting Model for Exchange Current Densities
XINTC made the basis for a model in Python that can predict exchange current densities
in a one-dimensional electrolysis cell. This model is made using the same resistances as
above and using these to calculate the voltage in all resistances for a chosen current. An
error is calculated as the difference between the found voltage using experiments and the
modelled voltage. The exchange current densities are then determined by minimising this
error. The initial guesses were 5.0A/m2 and 0.01A/m2 for the cathodic and anodic sides,
respectively. The limit to find the exchange current densities was from 10−6 to 1 A/m2 for
each fitting parameter.

3.4. Pressure Drop
An estimate can be made for the pressure drop in the test cells. The flow rate through each
cell is 300mL/min, which translates to 5.0cm3/s. Considering the depth of 18.3cm and width of
1.2mm per half cell, the flow velocity is 2.28cm/s for each half cell. First, the hydraulic diameter
of the cell is

𝐷𝐻,𝑐𝑒𝑙𝑙 =
4 ∗ area

wetted perimeter =
4 ⋅ 18.3 ⋅ 0.12

2 ∗ (18.3 + 0.12) = 0.24cm (3.23)

All pressure drops present are pictured in 3.5. These pressure drops are calculated individually
below.

Figure 3.5: Pressure resistance scheme for n cells in an electrolyser stack. The bottom and top horizontal lines
represent the manifold resistances, while the vertical resistance represents all inlet, outlet and cell resistances.

3.4.1. Frictional Loss Cell
The hydraulic diameter calculated above can then be used to estimate the Reynolds number
in the half cell:

Re𝐷,𝑐𝑒𝑙𝑙 =
𝜌𝑈𝑐𝐷𝐻
𝜇 = 1188 ⋅ 0.0228 ⋅ (2.38 ⋅ 10−3)

1.7 ⋅ 10−3 = 38 (3.24)

Using the relation of 𝑓 = 14.2/𝑅𝑒 from chapter 2, it was found that this Reynolds number
corresponds to a friction factor of 𝑓 = 0.37. Now, the pressure drop per half cell can be
calculated as follows:

Δ𝑃𝑐,𝑓 = 𝑓 ⋅
𝐿𝑐
𝐷𝐻

⋅ 𝜌𝑈
2
𝑐
2 = 0.37 ⋅ 0.083

2.38 ⋅ 10−3 ⋅
1188 ⋅ (2.28 ⋅ 10−2)2

2 = 4.02Pa (3.25)

3.4.2. Frictional Loss Manifold Tube
The pressure drop in the connecting manifold tubes can also be calculated. The volumetric
flow rate in the tubes is eight times the 300mL/min, which equals 40cm3/s. The hydraulic
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diameter of the tube is

𝐷𝐻,𝑡𝑢𝑏𝑒 =
4 ∗ area

wetted perimeter =
4 ⋅ 1.2 ⋅ 2.0

2 ∗ (1.2 + 2.0) = 1.5cm (3.26)

Considering the height of 1.2cm and the width of 2.0cm, the flow velocity in the manifold tubes
is 16.7cm/s. The Reynolds number now becomes:

Re𝐷,𝑡𝑢𝑏𝑒 =
𝜌𝑈𝑡𝐷𝑡
𝜇 = 1188 ⋅ (16.7 ⋅ 10−2) ⋅ (1.5 ⋅ 10−2)

1.7 ⋅ 10−3 = 1750 (3.27)

This gives a friction factor of 𝑓 = 0.008. The pressure drop now becomes:

Δ𝑃𝑡,𝑓 = 𝑓 ⋅
𝐿𝑡
𝐷𝑡
⋅ 𝜌𝑈

2
𝑡
2 = 0.008 ⋅ 9.540.015 ⋅

1188 ⋅ (16.7 ⋅ 10−2)2
2 = 0.85Pa (3.28)

3.4.3. Frictional Loss Cell Inlets
The volumetric flow rate in the inlets is still 5cm3/s, which for a height of 1.4cm and width of
0.12cm translates to a velocity of 29.8cm/s. The hydraulic diameter of the inlet is

𝐷𝐻,𝑖 =
4 ∗ area

wetted perimeter =
4 ⋅ 1.4 ⋅ 0.12

2 ∗ (1.4 + 0.12) = 0.22cm (3.29)

The Reynolds number then becomes:

Re𝐷,𝑖 =
𝜌𝑈𝑖𝐷𝑖
𝜇 = 1188 ⋅ (29.8 ⋅ 10−2) ⋅ (0.22 ⋅ 10−2)

1.7 ⋅ 10−3 = 46 (3.30)

which, using 𝑓 = 14.2/𝑅𝑒, gives a friction factor of 0.031. This results in a pressure drop of

Δ𝑃𝑖,𝑓 = 𝑓 ⋅
𝐿𝑖
𝐷𝑖
⋅ 𝜌𝑈

2
𝑖
2 = 0.031 ⋅ 22.060.22 ⋅ 1188 ⋅ (29.8 ⋅ 10

−2)2
2 = 162.2Pa (3.31)

3.4.4. Gravitational Loss Cell
Then, there’s also a pressure drop due to gravity:

Δ𝑃𝑐,𝑔 = 𝜌𝑔ℎ = 1188 ⋅ 9.81 ⋅ 0.124 = 1445Pa (3.32)

3.4.5. Manifold Loss Cell
The manifold loss coefficient 𝐾31 can be calculated using figure 2.9 from chapter 2. In this
figure, the ratio of volumetric flow rates 𝑄1/𝑄3 = 1/8=0.125 is used to find 𝐾31 = 0.93. This
means that the pressure drop in the tube due to manifold losses are

Δ𝑃𝑡,𝑚 = 𝐾31
𝜌𝑈2𝑡
2 = 0.931188 ⋅ (0.167)

2

2 = 15.3Pa (3.33)

The manifold loss coefficient 𝐾13 can also be calculated using figure 2.9 from chapter 2. In this
figure, the ratio of volumetric flow rates 𝑄1/𝑄3 is 1/8=0.125 and is used to find 𝐾31 = -0.93. This
means that the pressure increases when the flow from the cell is added to the flow in the tube.
Therefore, the lost 15.3Pa above is added again to the flow. In reality, the flow velocity will be
slightly lower in the upper tube compared to the lower tube due to losses, but this difference
is minimal.
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3.4.6. Manifold Loss Tube
Using the same method as for the manifold losses in the cell, the manifold losses in the tube
can be calculated. In the lower tube, 𝐾32 = 0 gives a pressure drop of 0Pa per cell. In the
upper tube, 𝐾23 = 0.2 gives a pressure drop of 0.06Pa per cell, so 0.49Pa in total.

3.4.7. Expansion Losses
Using equation 2.52 from chapter 2, 𝐾𝑒𝑥𝑝 is found to be 0.85 and 0.86 for the inlet to cell and
outlet to manifold, respectively. This gives a pressure drop of 1.39Pa and 1.40Pa per cell.

3.4.8. Total Pressure Drop
The total maximum possible pressure drop if taken the path of most resistance is

Δ𝑃𝑡𝑜𝑡 = Δ𝑃𝑡,𝑓 + Δ𝑃𝑡,𝑚 + Δ𝑃𝑐,𝑓 + Δ𝑃𝑖,𝑓 + Δ𝑃𝑐,𝑔 + Δ𝑃𝑐,𝑚 + Δ𝑃𝑐,𝑒𝑥𝑝
= 2 ∗ 0.85 + 0.49 + 4.02 + 2 ∗ 162.2 + 1445 + (15.3 − 15.3) + (1.39 + 1.40)
= 1778.4Pa = 17.8mbar.

(3.34)

The pressure drop over the inlet is taken twice to consider the outlets. If the inlet is taken
three times the normal length to improve results, the total pressure drop becomes 2102.8Pa,
equal to 21.0mbar. As shown in the calculations above, the gravitational pressure drop (69%

Also, the manifold losses will be lower for the cells further from the inlet since the differ-
ence in volumetric flow rates becomes lower. Therefore, this resistance will decrease. The
manifold pressure drop is minimal compared to the total pressure drop (0.1%), so this will only
have a small effect. Furthermore, it is now assumed that the gas fraction is tiny so that the top
flow will be almost single-phase. This gas fraction could have values up to 36%, giving very
different results.

In conclusion, the pressure drop is very small and will be mainly determined by the gravi-
tational losses due to the upward flow stream.

If these calculations are repeated for 100 cells, the pressure drop becomes only slightly
higher due to the extra manifold length, resulting in a pressure drop of 23.7mbar. Since the
allowable pressure drop in this part of the system is set to 500mbarg by XINTC, this is well
within limits. To calculate the pressure drop in COMSOL Multiphysics, a lot of extra computing
power is needed, and because the pressure drop is already very low, this is not modelled.





4
Results

This chapter discusses the results from the experimental setup of the test cells, the COMSOL
model, and the equivalent electrical circuit model (EEC model) for a 2D single-cell setup and a
3D setup of eight cells. Furthermore, the expected effect of scenarios on the leakage currents
is predicted.

4.1. Single-cell in 2D
Firstly, single-cell experiments were performed at a temperature of 42.5°C and ambient pres-
sure. The current was varied from 13mA/cm2 to 156mA/cm2. The found results are shown in
figure 4.2 as blue dots and used to validate the COMSOL and EEC model. The models were
fitted so that the error between the model and the experimental data was minimal.

In the Water Electrolyzer module, the gas fraction is taken into account as well. However, it
needs an initial guess. A sensitivity analysis shows that this initial guess results in a deviation
from the results found mainly for lower currents (below 78mA/cm2) with a maximum of 1.5%
between the initial guess of 0.01 and 0.3 gas fraction, as shown in figure 4.1. For a current
density of 156mA/cm2, the theoretical maximum gas fraction is 0.36. For a current density of
33mA/cm2, the gas fraction is 0.1. A gas fraction of 0.01 is reached for a current density of
only 3mA/cm2. The results in figure 4.1 show that the found curves differ only slightly for the
different input values. The higher the initial guess for the gas fraction, the lower the curve will
start and the steeper the gradient towards higher current densities.

Figure 4.1: Polarisation plot of COMSOL results with varying input versus experimental data. The different fitting
options have gas fraction varying from 0.01 to 0.3, and a cathodic and anodic exchange current density fit. This
is shown in the legend as COMSOL ’gas fraction’ - cathodic exchange current density/anodic exchange current
density [A/m2].

31
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Based on literature from section 3.2.1, initial guesses for the cathodic and anodic exchange
current densities were 5 and 0.01A/m2, respectively. These were then changed based on the
result of the fit. The lower these parameters, the higher the cell potential would be for a
constant current. The diaphragm porosity had to be between 0.3 and 0.5. The lower this
porosity, the steeper the curve for the higher currents. This is due to the higher resistance of
the diaphragm for lower porosity, which results in a higher required voltage, as per 𝑉 = 𝐼 ∗ 𝑅.

It was found that the COMSOLmodel could be better fitted to the experimental data for high
porosity, so 0.5. For this diaphragm porosity of 0.5, the cathode and anode exchange current
density were found to be 3.0A/m2 and 1.3A/m2, respectively. Using the EEC model with the
same membrane porosity, the models could be fitted using a cathode and anode exchange
current density of 0.25A/m2 and 0.05A/m2, respectively. This fit is shown in figure 4.2. For cell
currents lower than 40mA/cm2, the COMSOL model estimates a lower voltage than found in
experiments, while the EEC model predicts a higher voltage than found in experiments below
30mA/cm2.

Figure 4.2: Polarisation curve of a single cell with results from experiments (blue dot), COMSOL model (blue line),
and EECmodel (orange line). All results are obtained for T=42.5°C and ambient pressure. In the COMSOLmodel,
the anodic exchange current density is fitted for 1.3A/m2, and the cathodic exchange current density is fitted for
3.0A/m2. In the EEC model, the anodic exchange current density is fitted for 0.05A/m2, and the cathodic exchange
current density is fitted for 0.25A/m2.

The used 𝛼𝑐 and 𝛼𝑎 are 0.42 and 0.37, respectively. In COMSOL, however, the model
uses an input for 𝛼𝑎 and assumes that 𝛼𝑐 equals 1-𝛼𝑎. This is an ideal case, which, for the
conditions used in this thesis, is incorrect. To implement the small difference in transfer co-
efficients, the used 𝛼𝑐 and 𝛼𝑎 in COMSOL are 0.53 and 0.47, respectively, which gave the
results above. As the Butler-Volmer equation shows, if the transfer coefficient increases, then
the overpotential decreases. The only other parameter that can be changed is the exchange
current density to get to the higher overpotential to fit the model. The lower this parameter, the
higher the overpotential becomes. However, this parameter is inside a log function (or sinh for
the lower current densities) and, therefore, decreases exponentially, which greatly changes
the found parameters. The total current and potential through the system then needs to be
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recalculated. To quantify the effect of the higher transfer coefficient on the exchange current
densities, the higher transfer coefficients were entered into the EECmodel, and new exchange
current densities were calculated. To find an acceptable fit, the found exchange current den-
sities were 10-20 times smaller than the original ones found in the EEC model. These results
are discussed in more detail in appendix A. In conclusion, the resulting exchange current den-
sities were 10-25 times higher in the COMSOL model than in the EEC model, and these are
around 3-10 times too high if corrected for the higher transfer coefficient. Therefore, this can-
not be compared between models and is only used as an estimate for the 3D models.

At low currents, non-linear behaviour is shown in figure 4.2, which is due to overpotentials
as described in chapter 2. These losses become close to constant for higher currents since
the overpotential is described by a logarithmic function (the Tafel equation). The potential also
increases linearly with the ohmic losses, which are mainly the resistance of the electrolyte and
the diaphragm.

In this work, the Tafel equation is used in the EEC model to calculate the overpotential.
However, for low current densities, a sinus hyperbolic function is used. To explain the dif-
ference between those functions, the graph in figure 4.3 is made [82]. If the value for the
electron transfer coefficient (𝛼) is taken to be 0.5, then the sinh function matches the Butler-
Volmer equation perfectly. In this thesis, 𝛼 is taken to be 0.42 and 0.37 for the cathodic and
anodic side, respectively, following equations 3.22 and 3.21. Then, the sinh-function gives
only slightly higher but practically the same results for low current densities compared to the
Butler-Volmer equation using those same transfer coefficients. If 𝛼 were bigger than 0.5, the
sinh-function would give lower results than the original Butler-Volmer equation. As shown in
figure 4.3, the sinh-function is a better approximation than the Tafel equation for current densi-
ties smaller than four times the exchange current density. As shown in figure 2.4 from chapter

Figure 4.3: Comparison of overpotential for 𝛼=0.37 using the original Butler-Volmer equation (black line), the Tafel
equation (blue line), and the sinus hyperbolic function (red dashed).

2, the overpotentials make up a large part of the cell potential. The guessed exchange cur-
rent densities largely affect these overpotentials. Figure 4.4 is made to show the effect of the
exchange current density value. This indicates that each time the exchange current density
increases with a factor of 10, the cell potential drops by about 8%. Based on the results above,
the found exchange current density in COMSOL is around 10-25 times higher than predicted in
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the EEC model, which could give a deviation in the polarisation curve of 8-11%. In both mod-
els, it is assumed that the only extra cell resistance comes from the electrode overpotentials
and the porosity of the diaphragm. However, as described in section 2.4, the overpotential
could come from multiple resistances in the cell. For the EEC model, these resistances are
calculated via the equations in chapter 3. For the COMSOL model, it is not exactly known how
this is calculated, so the various resistances in the cell might be underestimated compared to
the assumptions made for the EEC model. Therefore, the overpotential must be higher to
mimic extra resistance within the cell.

Figure 4.4: Comparison of various exchange current densities and the effect on the polarisation curve for T=42.5 °C
and atmospheric pressure. When increasing the exchange current density with a factor of 10, the curve decreases
by 8%.

4.2. 8-cell Stack in 3D
While the 2D analysis is mainly used to determine the relative fitting parameters and research
if the models are comparable, the 3D analysis is focused on finding the effects of various pa-
rameters on the leakage currents. The data needed for validating these models was gathered
using experiments of an 8-cell electrolysis stack. In this second part, the multi-cell experi-
ments were performed at a temperature of 42.5°C and ambient pressure. Again, the current
was varied from 130A/m2 to 1558A/m2, of which the found polarisation curve is shown in fig-
ure 4.6 as the light-blue line. The models were fitted to this experimental data using the same
procedure as before to minimise errors between the experiments and models.

4.2.1. Design COMSOL Model
The electrolyser was first modelled in 3D in COMSOL, using the same parameters found
in 2D of 3.0A/m2 and 1.3A/m2 for the cathodic and anodic exchange current density and a
diaphragm porosity of 50%. In the 2D model, it was not possible to use the input transfer
coefficients of 𝛼𝑎=0.37 and 𝛼𝑐=0.42 and therefore, the exchange current densities are un-
derestimated compared to the 3D model since it is possible in the 3D model to use those
exact transfer coefficients. After the model was built, the number of cells could be changed to
determine how this affects the amount of leakage currents. Firstly, this was done for eight cells.
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Monopolar Cells
While XINTC’s R&D test setup uses monopolar electrodes connected in series, the Water
Electrolyzer module in COMSOL uses bipolar electrodes connected in series. Due to the set-
tings of COMSOL, this could not be changed to monopolar electrodes. When trying to change
the design of the bipolar electrodes to mimic monopolar electrodes, this could be done by
modelling the bipolar electrode as a hollow electrode where the ends of the plate were still
connected and acted as a small conductive piece of metal, as shown in figure 4.5. It was
found that modelling the electrodes as two plates with connecting wires was unnecessarily
complicated. In calculations, this hollow electrode would come down to the same results as
a bipolar electrode. The polarisation curve and the Faraday efficiency remained the same for
the bipolar and monopolar electrodes. The shunt currents per cell would shift, but the total
losses remained unchanged. Therefore, it was chosen to do further modelling with bipolar
plates. The produced figures for a monopolar and bipolar system are enclosed in appendix B.

(a) (b)

Figure 4.5: Monopolar (a) and bipolar (b) geometry of the electrode.

The COMSOL model was fitted to match the experimental results. The parameters used as
input are shown in table 4.1. This gave fit for a diaphragm porosity of 0.50 again, the cathode
and anode exchange current densities were found to be 6A/m2 and 1.4A/m2, respectively.
The resulting polarisation curve is shown in figure 4.6. In this figure, the current is modelled
from 130A/m2 to 1558A/m2. The modelled polarisation curve matches the experimental data
well for the used fitting parameters, but the shape is different. The experimental data follows
a more linear increase, while the COMSOL model predicts a curved line for lower currents.
To increase this curve at the lower currents, there should be higher losses for these lower
currents in either the electrode overpotentials, the electrolyte or the diaphragm. As described
before, the electrode overpotentials can be increased, but this would lead to an upward shift
of the whole polarisation curve, as shown in figure 2.4. The electrolyte resistance cannot be
changed when COMSOL is used because none of the input values directly affect this. Also, as
described in chapter 2, the electrolyte resistance is very low compared to the other resistances,
especially for low currents. At these lower currents, the gas production is also lower, which
means there is very little extra resistance due to bubbles. The curve at lower currents can also
be steeper by increasing the diaphragm resistance, which is done in COMSOL by increasing
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its porosity. However, then the whole curve becomes steeper and does not fit anymore for
currents larger than 35mA/cm2. In conclusion, the model predicts a lower cell resistance for
low currents (<35mA/cm2), but this is the best fit overall.

Table 4.1: Input constants for COMSOL model

Name Value
Height of active cell area H𝑐𝑒𝑙𝑙 83 mm
Width of active cell area W𝑐𝑒𝑙𝑙 182.6 mm
Anode/cathode gap d𝑎/𝑐 1.2 mm
Diaphragm thickness d𝑠 0.6 mm
Length of long horizontal part inlet L𝑖,1 153 mm or 459 mm
Length of short vertical part inlet L𝑖,2 35 mm
Manifold height Hℎ𝑜𝑙𝑒𝑠 12 mm
Manifold width Wℎ𝑜𝑙𝑒𝑠 20 mm
Electrode thickness (bipolar) d𝑒 2 mm
Electrode material Nickel
Electrolyte KOH wt 30wt%
Electrolyte flow per half cell Q𝑐𝑒𝑙𝑙 0.3L/min
Initial gas fraction bottom cell 𝜙𝑔,𝑙𝑜𝑤 0.0
Initial gas fraction top cell 𝜙𝑔,𝑢𝑝 0.3
Cathodic transfer coefficient 𝛼𝑐 0.42
Anodic transfer coefficient 𝛼𝑎 0.37

The Faraday efficiency corresponding to these parameters is shown in figure 4.7. While
the polarisation curve matches well, the Faraday efficiency of the COMSOL model is higher
than that of the experiments. Both the experiments and the COMSOL model show very high
efficiency, but this is expected because the inlet of the experiments was longer and narrower
than the outlets.

The Faraday efficiency of the experimental results is determined by dividing the measured
hydrogen gas production by the single-cell gas production for that current instead of the the-
oretical maximum. In COMSOL, it is assumed that the maximum hydrogen production in a
single cell is the theoretical maximum corresponding to the current. Still, there was a sys-
tematic error in the experimental setup, as shown in figure 4.8 of 0.02463±1% L/min. Using
the trendline, this means that 223.9A/m2 was lost. When this error was subtracted from the
results found in the experiments with eight cells, the results are as in figure 4.7.

The flow meters have a reported accuracy of ±0.2%, which would not explain this loss.
Nevertheless, whether the meters were calibrated well is unclear, which could have led to this
offset. It could also come from somewhere else in the setup since fluid leaked from the stack.
However, since the offset is constant, it is more likely that this comes from a calibration error.
It is implausible that it comes from the electrical circuit because the measurements for the
polarisation curve did not have an offset of 223.9A/m2 in the inlet current.

4.2.2. Meshing Sensitivity
A meshing sensitivity was performed to determine the size of the elements. This analysis
aimed to determine the optimum meshing size concerning the calculation time of the model
and the accuracy of the results. Table 4.2 shows the meshing size, number of elements, and
calculation time. The stack current, the Faraday efficiency, and the current used for hydrogen
production were calculated for every element size. It was found that the most significant ab-
solute and fractional deviation was in the current for hydrogen production, so this data set was
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Figure 4.6: Polarisation curve of an electrolysis stack comprising eight cells of experimental data compared to
COMSOL model. Experiments were performed for T=42.5°C and ambient pressure. The anodic exchange current
density is fitted for 1.4A/m2, and the cathodic exchange current density is fitted for 6.0A/m2.

Figure 4.7: Faradaic efficiency of an electrolysis stack with zigzag inlets comprising eight cells of experimental
data compared to COMSOL model.

Table 4.2: Mesh input with resulting number of elements and calculation times for meshing sensitivity analysis.

Meshing Minimum element
size (mm)

Maximum element
size (mm) Number of elements Calculation time (s)

Normal 1.43 7.92 77,839 18
Fine 0.792 6.34 120,091 25
Finer 0.317 4.36 382,543 87
Extra fine 0.119 2.77 2,029,209 544
Extremely fine 0.0158 1.58 6,320,984 4105
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Figure 4.8: Theoretical maximum hydrogen production of a single cell (orange line) compared to the actual
maximum hydrogen production of a single cell (blue dot), with a trendline (blue dashed line) following equation
𝑦 = 0.00110 ∗ 𝑥 − 0.02463. All calculations for a temperature of T=42.5°C and ambient pressure.

used for the meshing analysis. As shown in figure 4.9, the deviation is very low for all element
sizes. A first important note is that the smallest length in the model is the thickness of the
separator, which is 0.6mm. Therefore, the minimum element size is preferably smaller than
0.6mm. COMSOL is able to create elements with a smaller size than the minimum in such
cases, but this would take extra computation time. Based on these criteria and the computa-
tion time from table 4.2, the minimum mesh used should be the finer mesh, which takes about
1.5 minutes to calculate. Using the extra fine or extremely fine mesh is optional, but these
give only a little extra accuracy while taking over 9 and 68 minutes, respectively, to calculate
results. Concluding, the best mesh to use is the finer mesh, with an element size between
0.317 and 4.36mm.

Figure 4.9: Current used for hydrogen production at 2.4V for varying mesh element sizes (red), and its deviation
from the result found for the smallest mesh element size (blue).

4.2.3. Design EEC Model
XINTC already had an in-house model designed to solve an electrical circuit based on the
work of Jupudi et al. [20]. Jupudi’s original work and his derivations suffered numerical issues
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for low current densities because it led to negative currents for cells in the middle of the stack.
Even for very low current densities, the cell current should stay positive. This problem arose
from his derivations since all current versus cell curves had the same curvature. For example,
a 100A inlet current would give the same absolute loss in themiddle cells as a 10A inlet current,
ultimately leading to negative currents. In this work, the electrical circuit was revised and rebuilt
using the PySpice module to compare electrical circuits to the experiments and COMSOL
model. Both approaches solve first and second Kirchoff’s laws for the circuit. However, in the
approach by Jupudi, the system of algebraic equations is rewritten to a simplified system of
equations using the difference calculus. To the best of our knowledge, this seems to introduce
numerical artefacts in the solution, namely near uniform current density across the central cells
of the stack. However, Pyspice uses its internal routines to solve Kirchoff’s laws and could,
therefore, be used to calculate leakage and cell currents for all inlet currents.

Other previous research has looked into multi-cell electrical circuits as a model for leakage
currents via resistance ratios [56, 83, 84], or a set of equations based on Kirchoff’s laws [20,
85]. However, both methods need simplifications to define this resistance ratio for every single
cell.

When using the PySpice module, the voltage and current at every node and resistance can
be calculated simultaneously based on the resistances and inlet current. Using the resistance
scheme from figure 3.4, the current and potential are calculated for several scenarios. Since
all middle cells have the same resistance layout, the model can easily be adjusted for a varying
number of cells.

A sinus hyperbolic function was used instead of the Tafel equation for I/i0<4 to find accurate
cell potentials for low current densities, as from figure 4.3. The resistances are calculated using
equations 3.12 - 3.18 from chapter 3. The found values are shown in table 4.3. It stands out
that the inlet resistances are higher than the outlet resistances, but this is due to the inlets being
three times as long as the outlets. The inlet resistances increase linearly with the length of the
inlet, so if the inlet were to be the same length as the outlet, the resistance would have been
787Ω, which is lower than the outlet resistance. A second important note is that the geometry
of the inlet is one of the most determining factors in the amount of leakage current since the
resistance of the manifold is lower than the resistance of the cell, next to the resistance of the
diaphragm, which varies widely for different input currents.

Table 4.3: Calculated resistances for a current in the range 0.006-156mA/cm2. All cell and outlet resistances in-
crease with an increasing current, except for the diaphragm resistance, which increases with a decreasing current.

Inlet Outlet
𝑅𝑎 2361 Ω 796-1030 Ω
𝑅𝑐 2361 Ω 806-1401 Ω
𝑅𝑚𝑎 0.47 Ω 0.47-0.62 Ω
𝑅𝑚𝑐 0.47 Ω 0.48-0.84 Ω
𝑅𝑒1 0.9-1.2 𝑚Ω
𝑅𝑒2 0.9-1.2 𝑚Ω
𝑅𝑠 47-0.03 Ω

When calculating the steady state condition of the electrical circuit, the current was varied
from 13mA/cm2 to 156mA/cm2. The input data are shown in table 4.4. Figure 4.10 shows
the resulting polarisation curve. By varying the exchange current densities, a fit was found
for 𝑖0,𝑐= 0.064A/m2 and 𝑖0,𝑎= 0.019A/m2. The current densities from the single-cell Python
model could not be reused as they were found for a different model. As stated earlier, the
exchange current densities are used as a fitting parameter to compensate for the missing
parts of the overpotential and may, therefore, differ per model. As corresponds to literature,
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the model expects to find cell voltages as low as 1.21V when the current approaches 0A.
This is expected as this is the equilibrium voltage, the minimum voltage needed for hydrogen
production. The model gives a slightly lower cell potential for low currents (<30mA/cm2), as
was also seen in the COMSOL model.

Table 4.4: Input constants for EEC model based on the R&D test cell.

Name Value
Height of active cell area H𝑐𝑒𝑙𝑙 83 mm
Width of active cell area W𝑐𝑒𝑙𝑙 182.6 mm
Anode/cathode gap d𝑎/𝑐 1.2 mm
Diaphragm thickness d𝑠 0.6 mm
Length of long horizontal part inlet L𝑖,1 459 mm (inlet), 153 mm (outlet)
Length of short vertical part inlet L𝑖,2 35 mm
Manifold height Hℎ𝑜𝑙𝑒𝑠 12 mm
Manifold width Wℎ𝑜𝑙𝑒𝑠 20 mm
Electrode thickness (bipolar) d𝑒 2 mm
Electrolyte KOH wt 30wt%
Electrolyte flow per half cell Q𝑐𝑒𝑙𝑙 0.3L/min
Cathodic transfer coefficient 𝛼𝑐 0.42
Anodic transfer coefficient 𝛼𝑎 0.37

As for the Faraday efficiency in the EEC model compared to the experiments, the differ-
ences are larger than for the COMSOL model, as shown in figure 4.11. This means that the
EEC model underestimates shunt currents compared to the results obtained from the COM-
SOL model. The EEC model only takes into account the resistances calculated in chapter 3
and no electrochemical processes. COMSOL considers more of the cell processes and cor-
rects for that, which results in a lower efficiency. If the efficiency of the EEC model is too high,
then this might result from a smaller leakage current. This happens when the resistances in
the inlet and outlet channels are set too high, resulting in more current used in the cell for hy-
drogen production. To adjust the EEC model to match the experimental data, the resistances
of the inlets and outlets need to be reduced by at least 50%. From now on, it is chosen not to
do this and to use the EEC model for qualitative research.

4.3. Leakage Currents
The effect of leakage currents on the cell current can be modelled by subtracting the losses
via all four channels per cell from that cell current, which results in a parabolic curve. In
the first few cells, a current is leaked via the inlets and outlets and in the last few cells, this
comes back. While comparing the results of the COMSOL and EEC models, it was found that
the two models did not have equal amounts of leakage currents when faradaic efficiencies
were matched. A closer look into the COMSOL model showed that based on just the leakage
currents, the faradaic efficiency should be higher in COMSOL. Since it is unclear where the
other losses come from, the actual leakage currents through all four channels per cell were
compared.

The results of these leakage currents are shown in figure 4.12. For the model in COMSOL
(4.12a), it is found that the leakage occurs mostly via the outlet channels. Since the inlet
channels were lengthened, the resistance in these channels increased as well, resulting in
less current loss. The loss via the oxygen side is slightly higher than the hydrogen side but
very similar. In the EECmodel (4.12b), it is also predicted that the current loss is higher via the
outlet channels than the inlet channels. The current losses are similar to the COMSOL model.
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Figure 4.10: Polarisation curve of EEC model fitted to experimental data from the R&D test system with exchange
current densities of 𝑖0,𝑐= 0.064A/m2 and 𝑖0,𝑎= 0.019A/m2. The current used is the inlet current, while the voltage
is the average measured voltage over the stack. This applies to both the experiments and the EEC model.

Figure 4.11: Faradaic efficiency of experimental data from the R&D test system, of an electrolysis stack with zigzag
inlets, comprising eight cells (blue dots). This is compared to EEC model (light-blue line) and COMSOL model
(orange line).
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However, the losses via the outlet channels are lower than in COMSOL, while the losses via
the inlet channels are higher than in COMSOL. The change in magnitude due to the length of
the inlets is not the same for both models.

Figure 4.12: Leakage current per cell for each of the two inlets and two outlets in 8 cells. Modelled using COMSOL
(o) and EEC (-). Geometry with zigzag inlets.

In both the COMSOL and the EEC model, the leakage current is higher for the outlet
channels than the inlet channels. As stated before, this is due to the extra length of the inlet.
Therefore, if the inlets were the same length as the outlet, it is expected that the leakage
current would be higher via the inlets. There are no bubbles in the inlets, which leads to lower
resistance and more loss. To research this, the models were adapted to have shorter inlets
to have the same length as the outlets. The resulting leakage currents per cell are found
in figure 4.13, which shows that it is indeed true that the losses via the inlets increase. For
the COMSOL model (left), the inlet losses were around a fifth of the outlet losses, but this
increases to almost double the outlet losses. In the EEC model, the effect is smaller but still
visible. The inlet leakage current was around half of the loss via the outlets, increasing to
almost double the loss as well. The absolute values for the leakage current are lower than
in the COMSOL model, but the trend is the same. Overall, these results show that the inlet
length and, therefore, the inlet resistance significantly affect the leakage current.

The higher leakage current for the shorter cell inlets also results in a lower Faraday effi-
ciency, as shown in figure 4.14, compared to figure 4.11. This figure shows that the COMSOL
can predict the efficiency of the stack very close to the values found in the experiments. The
EEC model still predicts a higher efficiency than found in the data from the experiments, but
the efficiency becomes lower than for the longer inlets. The effect of the length of the inlets
is smaller in the EEC model than in the COMSOL model, so it might be that the resistance of
the inlets is overestimated in the EEC model. In that case, the leakage current will become
lower, and more current will be used for hydrogen production, resulting in a higher faradaic
efficiency.

To get a better overview of the deviation of both models compared to the experiments, table
4.5 is made. This table presents the Faraday efficiency for both models and the experiments at
three different current densities and for long and short inlets. The deviation from the Faraday
efficiency of the experiments is higher for lower currents. For higher currents, the deviation
becomes around 2.5-4.0% in the EEC model and below 2.5% in the COMSOL model. Since
the data points from the experiments fluctuate a little bit (as found in figures 4.11 and 4.14),
the deviation fluctuates a little bit as well.
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Figure 4.13: Leakage current per cell for each of the two inlets and two outlets in 8 cells. Modelled using COMSOL
(o) and EEC (-). Geometry with short inlets.

4.3.1. Knowledge Gap
When comparing the results and performance of both models, it is found that not all is known
about the COMSOLmodel. In the EECmodel, every relation and variable is known as the code
is developed in-house. However, in COMSOL, a lot is unknown due to it being a commercial
software, often described as a ’black box model’. While some parameters have larger effects
than others, it is hard to compare the models and see where the differences come from if the
information is unknown. As shown in the results section above, the COMSOL model is often
better at matching the experimental data, so in the best-case scenario, all input from COMSOL
is used in the EEC to research those results. This is impossible, and table 4.6 is made to
showcase these struggles. In the EEC model, the reduced conductivity in the electrolyte in
the cell, outlets, and manifolds is calculated in three steps. Firstly, a relation from Vogt [79]
is used to calculate the bubbling rate, depending on the current and the temperature. This
is then used to find the gas fraction, which differs for the cathodic and anodic compartments.
Lastly, several equations can be found to calculate the reduced conductivity due to the gas
fraction and the relation found by Maxwell is generally used the most [36]. These relations
give various results for the increase in resistance but are very similar for gas fractions smaller
than 0.2. The Maxwell relation used in the EEC model and the Bruggeman relation used in
the COMSOL model give very similar results for gas fractions up to 0.4. This would make little
difference since the maximum gas fraction in the experiments was 0.36. Unfortunately, this
relation is the only part of the three-step calculation that can be changed since it is unclear
how COMSOL calculates the gas fraction in the electrolyte. An initial guess is entered in the
input, and the next step in COMSOL is the resulting polarisation curve and efficiency curves.
Therefore, the relations used by COMSOL cannot be copied into the EEC model and reduce
the difference between the models. In this case, it might very well be that this gas fraction
affects the results since the change in leakage current is smaller for the EEC than COMSOL
for different inlets.

4.3.2. Prediction for 100 Cells
The expected leakage current for 100 cells can be predicted using the results of both models
for eight cells. While the figures for the eight cells show linear behaviour, this is not the case for
a higher number of cells. Figure 4.15 shows the expected loss per cell for the long inlets and
the shorter inlets of the same length as the outlets. Most loss and return occur in the cell on
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Figure 4.14: Faradaic efficiency of experimental data of an R&D test stack with short inlets, comprising eight cells
(blue dots), compared to EEC model (light-blue line) and COMSOL model (orange line).

either end of the stack, while the middle cells have little loss. Again, it is found that the length of
the inlet significantly affects the leakage current (orange and blue curves) because the leakage
current for the outer cells is decreased by almost a factor of two when the length of the inlet
becomes three times as long. These results also show that the extra inlet resistance leads to
a more linear loss over the cells and, therefore, a smaller performance difference between the
cells. As described in chapter 2, the maximum hydrogen production per cell depends on the
current of that cell and a higher current leads to a higher efficiency. Therefore, it is favourable
if all cells have a more equal current rather than a high current on the end cells and a lower
current in the middle of the stack.

(a) (b)

Figure 4.15: Leakage current per cell for each of the two inlets and two outlets in 100 cells. Modelled as EEC in
Python for 100 cells with long inlets (a) and short inlets (b).

The same results as found for 100 cells in the EEC model can be produced in COMSOL,
of which the results are in figure 4.16. However, there are some issues with the solver of
this model. The polarisation curve was fitted for a low number of cells, which showed a good
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Table 4.5: Deviation of faradaic efficiency of EEC and COMSOL model from experimental data. The deviation is
calculated at 26, 91, and 148 mA/cm2 for the geometry using long zigzag inlets and short inlets.

Long inlets
Current density (mA/cm2) Model Faradaic efficiency (-) Deviation from experiment (%)
26 Exp 0.8910 -

COMSOL 0.9445 6.0
EEC 0.9828 10

91 Exp 0.9575 -
COMSOL 0.9807 2.4
EEC 0.9941 3.8

148 Exp 0.9712 -
COMSOL 0.9875 1.7
EEC 0.9959 2.6

Short inlets
Current density (mA/cm2) Model Faradaic efficiency (-) Deviation from experiment (%)
26 Exp 0.8587 -

COMSOL 0.8748 1.9
EEC 0.9725 13

91 Exp 0.9584 -
COMSOL 0.9603 0.20
EEC 0.9906 3.4

148 Exp 0.9615 -
COMSOL 0.9743 1.3
EEC 0.9934 3.3

Table 4.6: Relations used in EEC vs COMSOL model.

COMSOL EEC

𝜃 (bubbling rate) -
from Vogt [79]:
𝜃 = (−97.25 + 182 ⋅ 𝑇

𝑇𝑟𝑒𝑓
− 84 ∗ ( 𝑇

𝑇𝑟𝑒𝑓
)2) ∗ ( 𝐼

30∗𝐴𝑟𝑒𝑎 )
0.3

𝜖 (gas fraction at top)
initial guess:
0.30 for cathode
0.15 for anode

4/3 ⋅ 𝜃 for cathode
2/3 ⋅ 𝜃 for anode

reduced conductivity
due to gas fraction Bruggeman: 𝐾𝜖/𝐾0 = (1 − 𝜖)1.5 Maxwell: 𝐾𝜖/𝐾0 =

1−𝜖
1+0.5𝜖

fit. When the number of cells was increased, the start of the polarisation curve at 1.21V was
not found at currents close to 0 anymore but shifted to higher currents. This offset on the
x-axis became larger for higher currents. If the leakage currents are calculated at the same
current as before (143mA/cm2), this corresponds to only 1.5V in the new polarisation curve,
which flattens the leakage current curve. If the leakage currents are calculated at the previous
corresponding 2.1V, then the magnitude of the leakage currents increases significantly since
this now corresponds to an inlet current of 297mA/cm2. The leakage current for the first cell
then starts at -0.46A instead of -0.37A.

Due to the problem above, this COMSOL model is not quantitatively compared to the
EEC model but is used to validate its conclusions. Using the results from figure 4.16, it is
again found that the inlet length has a large effect on the leakage current via those channels.
It is also found that the loss via those inlet channels is more linear than the loss via the outlets,
resulting in a more constant current throughout the electrolysis stack.

When comparing the predicted cell current using the EEC model to Jupudi’s work [20],
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(a) (b)

Figure 4.16: Leakage current per cell for each of the two inlets and two outlets in 100 cells. Modelled in COMSOL
for 100 cells with long inlets (a) and short inlets (b).

it is concluded that the EEC model is more adaptable and more physically representative.
Figure 4.17 shows the cell current plotted per cell for various currents, using the EEC model
(a) and Jupudi’s model (b). It can be seen that the losses calculated in Jupudi’s model are not
dependent on the inlet current, while this is predicted by the EEC model. Based on literature
and the experiments, those results are unlikely to be accurate. In the EEC model, the leakage
currents do become less for lower inlet currents, which is as expected.

(a) (b)

Figure 4.17: Cell current throughout the stack. Modelled for 100 cells using EEC model (a) and Jupudi’s model
(b) at different inlet currents.
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4.3.3. Effect of Cells on Efficiency
The effect of the number of cells on the Faraday efficiency was also researched. It is expected
that the decrease in Faraday efficiency becomes smaller when the number of cells increases
[20]. For example, increasing the number of cells in the stack from 10 to 20 will negatively
impact the Faraday efficiency more than when it is increased from 100 to 200 cells. Ultimately,
the number of cells will hardly affect the amount of shunt current and, therefore, the efficiency.
For the EEC model, the Faraday efficiency was determined at 19, 54, 103 and 153mA/cm2

for a cell number ranging from 8 to 200, of which the results are shown in figure 4.18. In this
figure, the loss (equal to 1 − 𝜂𝐹) is plotted versus the number of cells at different inlet current
densities. This plot shows indeed that for a higher number of cells, the amount of leakage
current is less affected.

Figure 4.18: Fraction of current loss vs number of cells for 19, 54, 103 and 153mA/cm2 in EEC model.





5
Conclusions and recommendations

In this last chapter, the main findings of this thesis are summarised to draw the most important
conclusions. Furthermore, various points of attention and weaknesses were found during
the research to further explore the effects of leakage currents. These are described in the
recommendations.

5.1. Conclusion
In the introduction, it was stated the rapid increase in renewable energy utilisation leads to a
lot of challenges. While solar and wind energy already provide a growing part of the energy,
its intermittent nature calls for some buffer. Since the research into electrolysis has grown
exponentially over the past couple of years, it is interesting to couple the buffering capability
of hydrogen with intermittent renewable energy sources.

To achieve this stadium, first, some challenges in alkaline water electrolysis need to be
overcome. This thesis focused on researching and reducing the leakage currents in the stack
to increase the efficiency and safety of the electrolysis system. Based on the literature re-
search, it was found that a research gap exists in modelling the leakage currents in three-
dimensional models using physical data since the electrolysis process is only widely covered
by empirical relations. Therefore, the main research question was formulated as follows:

Can a three-dimensional model of an electrolyser help to predict leakage currents?

And the following subquestions were set to help answer the main research question:

1. Can a 3D electrolyser be accurately modelled in COMSOL Multiphysics?

2. Can a 3D electrolyser be accuratelymodelled using an equivalent electrical circuit (EEC)?

3. What is the influence of design choices on the leakage currents?

5.1.1. COMSOL Model
The COMSOL model was built using electrochemical relations and physical behaviour in an
alkaline water electrolyser. Using this software, the polarisation curve and faradaic efficiency
could be found, as well as the shunt current per cell. This software was used to build a model
mimicking the experiments as closely as possible. Firstly, the geometry was rebuilt in 2D
and 3D and the parameters for inlet conditions, the electrolyte and materials were set. In
this software, the difference in results for a bipolar or monopolar configuration was very min-
imal, while the bipolar electrodes took less computing power, so bipolar electrodes were used.

48
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In 2D, it was found that the COMSOL model was able to result in a polarisation curve very
close to the one found in experiments, with a fitted porosity of 50%, a cathodic exchange cur-
rent density of 3.0A/m2, and an anodic exchange current density of 1.3A/m2. This was within
the limits found in literature since the porosity could be 30-50%, and the exchange current
densities could be between 10−6-102A/m2. In the 3D model for an electrolysis stack of eight
cells, the polarisation curve could be fitted well for current densities larger than 30mA/cm2

up to 160mA/cm2. As fitting parameters, a porosity of 50% was used, as well as a cathodic
exchange current density of 6.0A/m2 and an anodic exchange current density of 1.4A/m2. For
lower current densities, the model underestimated the voltage for the given current. The COM-
SOL model gave very similar values for the Faraday efficiency compared to the experiments,
with an error of below 2.5%. For the short inlets, the COMSOL model predicted values mostly
within the error margin of the experimental data, with a maximum deviation of 1.5%. The
rapidly increasing slope for low currents up to the almost constant efficiency at higher currents
was replicated very closely in the model. For longer zigzag-shaped inlets, the results from the
model were still very close to the experimental data but predicted a little higher values. For this
model, it was unclear what exactly the effect of the zigzag-shaped inlet channels was since
these were modelled as a straight line. Overall, the performance of this model is very good.

5.1.2. EEC Model

An in-house model using the same electrochemical relations as COMSOL was used to fit
exchange current densities and validate the found parameters. In this model, again, a porosity
of 50% was found to give the best fit, but the exchange current densities were found to be
0.25A/m2 for the cathodic compartment and 0.05A/m2 for the anodic compartment. This is 12
(cathode) and 26 (anode) times smaller than the values found in COMSOL. This could have
several reasons, with the first one being that the COMSOL model overpredicts the exchange
current densities since the transfer coefficients were set to be larger than those found in other
research. Furthermore, parts of the overpotential that have not yet been corrected for are
taken into the exchange current density to fit the experimental data. Since the models are not
the same and do not have entirely matching input parameters, it could very well be that these
overpotentials need different correction factors, which are represented in the exchange current
density. Therefore, it was concluded that this 2D validation mainly shows that the exchange
current densities are fitting parameters and do not necessarily match between models while
still corresponding to the same experimental data.

The 3D EEC model was built by mimicking the electrolyser stack as an electrical circuit.
It consisted of resistances for the inlets, outlets, manifolds and multiple resistances in the
cell. The values for these resistances are calculated using relations from other research. The
resistances were corrected for bubble formation, impacting both the cell and outlet resistance.
The polarisation curve was fitted with exchange current densities of 0.064A/m2 and 0.019A/m2

for the cathodic and anodic sides, respectively. In this model, it is found that the polarisation
approaches 1.21V when the current density approaches 0mA/cm2, which is as expected since
this is the minimum voltage for the electrolysis reactions to take place. The EEC model also
underestimates the voltage for low currents, albeit less than the COMSOL model. This EEC
model can predict the linear behaviour of the polarisation curve for higher currents quite well
and fits well at higher currents. The results of this model also show that, regardless of the input
current, the model consistently overestimates the Faraday efficiency, corresponding to around
3-4% for higher current densities. To improve this, the resistance of the inlets and outlets needs
to be reduced drastically by around 50% to fit the experimental data. Overall, the results of
this model showed an overestimation of the performance found in the experiments.
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5.1.3. Prediction
In this part, both the COMSOL model and the EEC model were used to simulate new sce-
narios and find the effects on the electrolyser performance. It was found that the solver used
in COMSOL gave an unwanted shift in the polarisation curve, which resulted in inaccurate
results. Therefore, both models were used only to compare different scenarios and could not
provide definite numbers.

Both models showed that a lengthened inlet resulted in a large decrease in leakage cur-
rents via those channels of about 80%. When this difference was extrapolated to 100 cells, it
was found that the longer inlet also led to fewer leakage currents. Moreover, while the normal
leakage current curve has an S-shape with the highest losses in the outer cells, the length-
ened inlets resulted in a more linear curve. This linear curve will lead to a more evenly spread
performance over all cells. The S-shaped curve was found in both the COMSOL and EEC
models and was present irrespective of the inlet current. For lower inlet current, the middle
part of the S-curve flattened, but the outer cells kept the exponential-shaped curve.

Furthermore, when comparing the results of the EEC model to the work of Jupudi [20],
who also modelled the electrolyser stack as an equivalent electrical circuit, the EEC model
showed a better performance. No negative currents were observed for low current densities,
which was a problem in Jupudi’s work. Therefore, the EEC model is better suited to predict
various scenarios.

Lastly, it was found that for a constant set of parameters, the Faraday efficiency decreased
towards an asymptotic value when the number of cells was increased. The efficiency de-
creased rapidly for a few cells, but this effect became smaller for up to 200 cells.

5.2. Recommendations
Starting with the experimental data, it would greatly improve the reliability of the models if the
experiments were performed using more cells, for instance, 32 or over 60 cells. The results of
the experiments showed signs of constant loss and inconsistent data, and when more cells are
used, this error might be easier to define or reduce. Another recommendation is to implement
experimental methods to measure current in the manifolds instead of hydrogen production
directly. This removes the uncertainty from leakage problems in the measurements. The
results could be directly compared to any of the two models, which could be validated more
accurately.

The COMSOL model showed promising results but also had several weaknesses. It is
inherently a black box model, and therefore, several input parameters could not be changed.
For example, the water electrolyzer module required voltage as an input source and calculated
the corresponding current, while in reality, this is the other way around. More modelling is
needed to optimise this model and further validate its results. Also, to better model the effect of
bubble formation and its results on resistances, making a transient model rather than a steady-
state model is recommended. When the flow is modelled more accurately, it is expected that
the flows throughout different cells change, and it is recommended to research how this affects
the leakage currents.

The EEC model has the advantage that all input and calculations are clearly defined and
can easily be changed. For further research, it is recommended that more experimental data
is gathered to better fit the model to the data, especially for the Faraday efficiency. Since
this model is so adaptable, it would be beneficial to optimise it and quantitatively define the
effect of changes in geometry, inlet conditions or operating conditions. Since both the pressure
and temperature are defined via relations in the model, the performance and amount of bypass
current can be determined for different operating conditions, and aid in optimising the system.
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A
Effect of transfer coefficients on

exchange current densities

In chapter 4, it was described that for 2D simulations, COMSOL does not allow for the sum
of the anodic and cathodic transfer coefficient to be other than 1. Therefore, using the EEC
model, the effect of these different transfer coefficients on the found polarisation curve was
researched. These results are shown in figure A.1. Compared to transfer coefficients of 0.42
and 0.37 for the cathodic and anodic compartments, respectively, the EEC curve was shown
to be steeper for lower currents, resulting in an overestimation of the cell potential.

Figure A.1: 2D polarisation curve fit for 𝛼𝑎=0.47, 𝛼𝑐=0.53, with found exchange current densities of 𝑖0,𝑎=0.005A/m2

and 𝑖0,𝑐=0.013A/m2. Experiments and models are set at a temperature of 42.5°C and ambient pressure.
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B
Monopolar versus bipolar stack

configuration

For an 8-cell system using the XINTC cell geometry, the current losses occur in different cells
for bipolar or monopolar electrodes, but the overall polarisation curve and Faraday efficiency
remain the same. This is shown in figures B.1 (polarisation curves), B.2 (Faraday efficiency),
and B.3 (leakage currents).

(a) Polarisation curve monopolar configuration

(b) Polarisation curve bipolar configuration

Figure B.1: Polarisation curve of monopolar (a) vs bipolar (b) configuration.
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(a) Faradaic efficiency monopolar configuration

(b) Faradaic efficiency bipolar configuration

Figure B.2: Faraday efficiency of monopolar (a) vs bipolar (b) configuration.



62 B. Monopolar versus bipolar stack configuration

(a) Shunt currents monopolar configuration

(b) Shunt currents bipolar configuration

Figure B.3: Shunt currents of monopolar (a) vs bipolar (b) configuration.
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