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This thesis presents the verification and improvements of an in-house developed Proton Ex-
change Membrane Water Electrolyzer (PEMWE) test setup. The original system was de-
signed to investigate efficiency losses caused by power quality variations and to support
degradation analysis. However, its performance was limited by several factors, including the
presence of moisture in both the anode and cathode gas streams, issues related to control
algorithms, sensor calibration, and sensor placement. The primary objective of this research
was to address these limitations through a comprehensive system upgrade, enabling more
reliable and accurate degradation studies.

To address the complexity of failure modes often resulting from interacting faults, a struc-
tured diagnostic and failure analysis approach was implemented. The upgraded system now
supports long-term degradation experiments with improved automation and robustness. The
system delivers ultra dry gas, features a highly flexible and precise power supply, and in-
corporates safety mechanisms for effective fault handling. Experimental results confirm that
the PEMWE cells operate reliably under the updated configuration, establishing a strong
foundation for future degradation research.
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Symbols and abbreviations

Latin characters

c Concentration mol=L
E Energy consumption J
e Elemental charge = 1:602�10�19 C
F Faraday constant = eNA = 96485:332 C=mol
Gm Molar Gibbs free energy J=mol
Hm Molar enthalpy J=mol
I Mean current (DC current) A
i Instantaneous current A
i Imaginary unit
j Instantaneous current density A=cm2

j0 Exchange current density A=cm2

KB Boltzmann constant = 1:380�10�23 J=K
MH2 Molar mass of hydrogen kg=mol
NA Avogadro constant = 6:022�1023 mol�1

n Production (of hydrogen) mol
ṅ Production rate mol=s
ne Number of electrons for one reaction
P Active power W
p Instantaneous power W
p Pressure bar
R Universal gas constant = NAkB = 8:314 J=(molK)

r Area-specific resistance Wcm2

Sm Molar entropy J=(molK)

T Temperature K
t Time s
U Mean voltage/potential (DC voltage) V
u Instantaneous voltage/potential V
Z Impedance W

Greek characters

a Electron transfer coefficient
D Change of value between states
hF Faraday efficiency



Subscripts

act Activation (overpotential)
an Anode
cat Cathode
cell Single electrolyzer cell (potential)
con Concentration (overpotential)
H2 Hydrogen
lim Limit (limiting current density)
n;m Running index
ocv Open-circuit voltage
ohm Ohmic (overpotential)
ref Reference
sv Saturated vapor (pressure)
x Unspecified electrode, either anode or cathode

Superscripts

� Nondimensionalized variable
� Value in standard conditions

Abbreviations

AC Alternating current
AWE Alkaline water electrolysis
DC Direct current
DCL Double-layer capacitance
EDL Electrochemical double layer
EIS Electrochemical impedance spectroscopy
NLAD Nonlinear large-amplitude dynamic (method)
PEM Proton exchange membrane
PEMWE PEM water electrolysis
SOE Solid oxide electrolysis
PSO Particle swarm optimization
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1 Introduction

The emission of greenhouse gases, particularly carbon dioxide (CO2), is a major driver of cli-

mate change. According to the IEA Global Energy Review 2025, energy-related CO2 emis-

sions reached an all-time high of 37.8 Gt, marking a 0.8% increase compared to 2023 (In-

ternational Energy Agency, 2025). The current atmospheric CO2 concentration stands at

442.5 ppm, which is approximately 50% higher than pre-industrial levels (Masson-Delmotte

et al., 2021). These emissions signi�cantly contribute to global warming, and reducing each

ton of CO2 released into the atmosphere is crucial for slowing the rate of temperature rise.

To address climate change and meet the targets set by the Paris Agreement, global energy

systems are shifting from fossil-based energy production to renewable sources. A central

strategy in this transition is the electri�cation of all viable processes, which signi�cantly

contributes to reducing carbon emissions (Bogdanov et al., 2021). However, integrating

variable renewable energy (VRE) like solar and wind into the power grid introduces sev-

eral operational challenges. The output from VRE sources is inherently unpredictable due

to forecasting uncertainties, necessitating both short-term and long-term balancing mecha-

nisms. Furthermore, unlike fossil fuels, VRE generation is geographically constrained, re-

quiring sophisticated grid infrastructure for ef�cient energy transmission (Ueckerdt, Brecha

& Luderer, 2015). These limitations can result in energy curtailment and grid instability.

Using surplus renewable electricity for hydrogen production not only helps stabilize the grid

but also lowers emissions, thereby improving the overall sustainability of the energy system.

In sectors where direct electri�cation is not viable, Power-to-X (P2X) technologies offer a

promising alternative. P2X processes convert renewable electricity into emission-free syn-

thetic fuels using hydrogen and captured carbon dioxide. Hydrogen can be sourced from

industrial processes or produced via water electrolysis, while carbon dioxide can be captured

from the atmosphere through direct air capture (DAC) to synthesize fuels such as e-ammonia,

e-methanol, e-methane, and e-kerosene etc. Nitrogen from ambient air is also used to synthe-

size e-ammonia, which has the potential to reduce carbon emissions in the shipping industry.

All things considered, hydrogen economy has the potential to decarbonize hard-to-abate

sectors, including chemical manufacturing, cement and steel production, and long-distance

transport such as aviation and shipping (Ayers, 2019).

In water electrolyzer, water is split into hydrogen and oxygen using electrical energy. Dur-

ing this process, electrical energy is converted into both chemical and thermal energy. When

powered by renewable electricity, the resulting hydrogen often referred to as green hydrogen-

offers a sustainable and low-emission energy carrier. This approach not only reduces emis-

sions but also helps mitigate curtailment losses associated with excess renewable energy
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generation (Koponen, 2020).

Proton exchange membrane water electrolyzers (PEMWE) have remained highly relevant

in recent years, largely due to their compatibility with variable renewable energy sources.

Their rapid response to power �uctuations makes them particularly effective in managing

the intermittency associated with renewables. In addition, PEMWE perform reliably under

dynamic power input conditions, can operate at high current densities, and are capable of

producing high-purity hydrogen. These advantages combined with low maintenance needs

and long operational lifespans have supported their growing adoption despite the reliance on

rare earth metals in their construction (Hübner et al., 2021; Hu et al., 2022; Carmo et al.,

2013; Barbir, 2005).

PEMWE occupy a smaller footprint than other electrolyzer technologies, primarily due to

their high energy density (Santos et al., 2017). Their compact design also facilitates eas-

ier scalability, allowing larger systems to be deployed in relatively limited spaces (Barbir,

2005), which makes containerized installations a practical solution. Currently, industrial-

scale PEMWE systems range from a few kilowatts to several hundred megawatts in capac-

ity, as reported by the International Energy Agency (IEA). In terms of ef�ciency, PEMWE

typically operate within a range of 60% to 68%, with energy consumption between approxi-

mately 4.4 and 5.0 kWh per cubic meter of hydrogen produced (Koponen, 2015).

By the end of 2023, the total global installed capacity of electrolyzers had reached approxi-

mately 1.4 GW, with projections aiming to increase this �gure to 5 GW by the end of 2024.

Out of the 1.4 GW installed capacity in 2023, Proton Exchange Membrane (PEM) tech-

nology contributed around 300 MW. Looking ahead, achieving global net-zero emissions

targets by 2050 will require a dramatic scale-up, with total electrolyzer capacity expected to

reach about 560 GW (International Energy Agency, 2024). The market share of PEMWE is

projected to grow signi�cantly, ranging from 25% to as high as 64% (Bühler & Möst, 2025).

1.1 Overview of recent research on PEM water electrolyzer

Recent research on proton exchange membrane water electrolyzers has primarily focused

on operational optimization, cell degradation, and power quality analysis. These areas are

closely interconnected, where changes in one aspect can signi�cantly in�uence the others.

For instance, cell degradation is in�uenced by both power quality and operating conditions,

and improvements in these areas can directly affect the others.

Gómez et al. developed a combined static and dynamic electrical model and experimentally

validated for a 400 W PEM electrolyzer stack. The study focused on the behavior of in-
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dividual cells under �uctuating operating conditions. By adapting model parameters to the

input current, the model successfully replicated real-time performance. The results demon-

strated that current ripple, typically introduced by power electronics, can negatively affect

cell voltage (Hernández-Gómez et al., 2021). In a complementary study, Koponen et al. used

a semi-empirical model and experimental data from a single cell with a Na�on 117 mem-

brane to investigate the impact of current ripple on energy ef�ciency. The research simulated

energy consumption under sinusoidal and thyristor-induced ripple conditions. It was found

that under low-load conditions with a 12-pulse thyristor recti�er, the required cell area must

be up to �ve times larger than that needed with a pure DC supply to maintain equivalent

ef�ciency (Koponen, 2020).

The dynamic operation of PEM water electrolyzers has gained increasing attention due to

their integration with variable renewable energy sources. Zeng et al. conducted an exper-

imental study to evaluate the response of PEM electrolyzers under various dynamic condi-

tions. The scenarios included changes in current density, step loading and unloading, re-

ductions in water �ow rate, and increases in operating temperature. Stable operation was

achieved under low current densities, high operating temperatures (up to 80� C), and opti-

mized water �ow rates. High �ow rates and temperature amplitudes helped reduce �uctua-

tions, while low �ow rates and high current densities intensi�ed them (Zeng et al., 2025).

In a related study, Majid et al. examined the short-term performance of a benchtop PEM

electrolyzer under dynamic power inputs that mimic renewable energy conditions. The ex-

periments revealed that rapid and high-amplitude current �uctuations led to increased power

consumption, voltage instability, and reduced ef�ciency. Conversely, smoother current pro-

�les improved system stability and hydrogen production (Ali et al., 2025).

To better understand the long-term durability of PEM water electrolyzers, several studies

have employed accelerated stress testing (AST) methods. These approaches simulate harsh

operating conditions to reveal degradation mechanisms within shorter time frames. Kozlova

et al. investigated the degradation behavior of the membrane electrode assembly (MEA)

using two AST protocols: dynamic voltage cycling and continuous high-voltage operation.

Experiments on a single cell showed that prolonged exposure to 2.4 V resulted in signif-

icant degradation, reaching up to 133 mV. This was mainly attributed to oxygen transport

limitations and surface passivation in the anode porous transport layer. In contrast, dynamic

cycling led to milder degradation (7–20 mV), primarily due to catalyst layer deterioration.

The study also demonstrated that a Ti-hydride protective coating helped preserve perfor-

mance even with reduced catalyst loading (Kozlova et al., 2023). Research by Lettenmeier

et al. evaluated the performance of commercial PEM electrolyzer MEAs under dynamic

operation at current densities ranging from 0.8 to 3.3 A/cm2. The results indicated that dy-
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namic loading did not adversely affect MEA performance. However, reducing the precious

metal catalyst loading caused a voltage increase of 100 mV at the highest current density

(Lettenmeier et al., 2016).

Studies by Weiß et al. examined the effects of intermittent operation on PEM electrolyzer

performance. The test alternated between high and low current densities with idle periods

at open circuit voltage (OCV). Initially, a performance boost was observed, but prolonged

cycling led to signi�cant degradation due to increased high-frequency resistance. This was

linked to changes in the catalyst layer and passivation of the porous transport layer. The

authors concluded that avoiding OCV periods by applying a minimal standby current could

help maintain long-term stability and reduce material loss (Weiß et al., 2019).

Beyond single-cell studies, dynamic operation has also been investigated at the stack level

to address challenges in large-scale PEM electrolyzer systems. Wendi et al. developed a

comprehensive model of a multi-stack PEM electrolyzer, incorporating the effects of bubble

coverage and degradation behavior. The study proposed a power allocation strategy designed

to optimize energy ef�ciency while minimizing degradation across stacks. Results showed

that operating at the optimal energy ef�ciency frontier maximized hydrogen production but

also accelerated degradation. By adjusting power distribution based on degradation charac-

teristics, the system achieved a longer operational lifespan and more uniform wear among

stacks (Zheng et al., 2024).

In addition to external operating conditions, degradation in PEM electrolyzers is also in�u-

enced by internal cell design and process-related factors. These include gas bubble dynam-

ics, �ow �eld architecture, and material stability under prolonged operation. Haoran et al.

conducted an experimental study to examine the effects of prolonged and severe gas bubble

accumulation on PEM electrolyzer degradation over a 100-hour period. The results showed

a signi�cant decline in current density, reaching up to 58.2% at 50� C and 2.0 V. This per-

formance loss was primarily attributed to increased charge transfer resistance at the anode.

Post-test structural analysis revealed thinning and cracking of the catalyst layers, along with

noticeable dissolution and agglomeration of catalyst particles (Zhou et al., 2024).

Dandi et al. further explored degradation behavior by testing PEM electrolyzers under three

dynamic loading conditions and two different �ow �eld con�gurations over 60 hours. The

study found that step load cycling resulted in the most severe voltage degradation, while

constant current operation led to the least. Additionally, electrolyzers equipped with a triple

serpentine �ow �eld (TSFF) exhibited approximately 34.6% more degradation at 1 A/cm2

compared to those with a parallel �ow �eld (PFF). Electrochemical impedance spectroscopy

revealed that the primary cause of performance loss was the increase in anode charge transfer
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resistance, particularly under the TSFF con�guration (He et al., 2025).

Extensive research is being conducted globally on various types of water electrolyzers, with

particular focus on advancements in membrane technologies, analysis of ef�ciency losses

caused by power quality variations, and innovations in cell stacking. Despite these advance-

ments, several aspects remain insuf�ciently explored. Speci�cally in the context of PEMWE,

the effects of �uctuating power supply on electrolyzer degradation and the variation in cell

capacitance during dynamic operation have received limited attention, underscoring the need

for further research in this area.

1.2 Research objective

The in-house developed PEM water electrolyzer test setup at the P2X laboratory, LUT Uni-

versity, Lappeenranta campus, is designed to investigate ef�ciency losses induced by power

quality variations and degradation studies. However, the current facility exhibits several lim-

itations. Key issues include the presence of moisture in both anode and cathode gas streams,

as well as constraints in power supply quality. Additional challenges involve the LabVIEW

and TwinCAT control algorithms, sensor calibration and sensor placement. The primary ob-

jective of this research is to redesign and upgrade the existing PEMWE system to address

these limitations and enable reliable degradation studies.

Since failures often result from a combination of interacting faults, identifying individual

failure modes is complex. To address this, a structured failure analysis and diagnostic pro-

cedure was implemented. The �rst step involved studying the system processes and com-

ponents, followed by documentation of the existing setup, as detailed in Chapter 2. Subse-

quently, the second cell was disconnected and isolated to focus on the operation of PEMWE

Cell 1. All diagnostic procedures and corresponding solutions are presented in Chapter 3.

Conducting degradation studies is essential for extending PEMWE cell lifetime and reducing

overall system costs. To support long-term degradation experiments, the system must be

robust and fully automated. This necessitates minor process modi�cations and redesign of

certain components, which are discussed in detail in Chapter 4.

Following the modi�cations, the system now operates as intended, producing ultra-dry gas

with a dew point of� 70� C. The integration of an advanced power supply unit ensures

delivery of user-de�ned electrical input and facilitates precise power quality analysis. The

system is also equipped with safety features to handle minor faults and initiate emergency

shutdowns when necessary. Cell characterization experiments con�rm that the PEMWE cells

are performing satisfactorily under the updated con�guration.



17

2 Water electrolyzer, key components and process diagram

Water electrolysis is an electrochemical process that splits water into its elemental compo-

nents, hydrogen and oxygen. This process involves two half-cell reactions. At the anode,

the oxygen evolution reaction (OER) occurs, where water molecules are oxidized to pro-

duce oxygen gas and hydrogen ions. At the cathode, the hydrogen evolution reaction (HER)

takes place, in which hydrogen ions gain electrons to form hydrogen gas. While the fun-

damental principle and overall water-splitting reaction remain consistent across all types of

electrolyzers, the half-cell reactions vary depending on the speci�c type of electrolyzer.

2.1 Classi�cation of water electrolyzer

Water electrolyzer technologies can be classi�ed based on the acidity and phase of the elec-

trolyte and water. The major technologies available at present include proton exchange mem-

brane water electrolyzer (PEMWE), alkaline water electrolyzer (AWE), solid oxide elec-

trolyzer (SOE) and anion exchange membrane water electrolyzer (AEMWE). As mentioned

the cathodic and anodic half cell reactions vary with the technologies while the overall reac-

tion remains the same as represented in Equation (1).

Overall Reaction: H2O ! H2 +
1
2

O2 (1)

Alkaline Water Electrolysis (AWE) utilizes an alkaline aqueous solution of either potas-

sium hydroxide (KOH) or sodium hydroxide (NaOH) as the electrolyte. The hydroxide ions

(OH– ) migrate from the cathode to the anode through a porous separator, which is typically

made of Zirfon® as shown in Figure 2.1(b). The physical size of AWE systems tends to be

larger because the voltage required for a given current density is generally higher compared

to Proton Exchange Membrane Water Electrolysis (PEMWE). Additionally, conductive elec-

trodes can allow current to bypass the intended path via the stack manifolds, a phenomenon

known as “stray current” (Fuller & Harb, 2018). To mitigate the effects of stray currents,

customized manifold designs are recommended. The half-cell reactions for AWE are as

follows:

Anodic half-reaction: 4OH� 
 O2(g)+ 2H2O(l)+ 4e� (2)

Cathodic half-reaction: 4H2O(l)+ 4e� 
 2H2(g)+ 4OH� (3)

Proton Exchange Membrane Water Electrolyzers (PEMWE) uses a sulfonated �uoropoly-

mer membrane, which acts as both the electrolyte and the separator as seen in Figure 2.1(a).

Unlike alkaline water electrolyzer, PEMWE membrane conducts protons (H+) from anode to
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(a) PEM water electrolyzer cell (b) Alkaline water electrolyzer cell

Figure 2.1: Conceptual drawings of water electrolyzer cells (Puranen, 2025).

cathode. This makes the cell to operate in an acidic environment, even though pure deionized

water is fed to the anode. PEMWE systems are more compact than alkaline systems. They

are capable of supporting higher current densities and reduce leakage currents. The cathode

side of PEMWE does not mandate water circulation; however, some water passes through

the membrane from the anode. The membrane must resist acidic pH and tolerate high over-

potentials caused by the high current densities. At present only noble metal catalysts mainly

platinum group metals such as platinum, iridium and rhodium can survive these conditions.

The need for rare metals like iridium limits the large-scale use of PEMWE (Minke et al.,

2021). Below Equations (4, 5), represent the half cell reactions in PEMWE cell.

Anodic half-reaction: H2O ! 2H+ +
1
2

O2 + 2e� (4)

Cathodic half-reaction: 2H+ + 2e� ! H2 (5)

Solid Oxide Electrolysis (SOE) is an emerging hydrogen production technology. It uses a

solid or ceramic electrolyte to conduct oxygen ions. This method operates at high tempera-

tures and requires a steady supply of steam. The elevated temperature improves both reaction

kinetics and thermodynamic ef�ciency. As a result, SOE systems can achieve higher electri-

cal ef�ciency compared to low-temperature methods. However, the technology still facing
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major challenges. The ceramic electrolytes must be highly durable to withstand thermal

stress and long-term operation. The half-cell reactions for SOE are as follows:

Anodic half-reaction: 2O2� 
 O2(g)+ 4e� (6)

Cathodic half-reaction: 2H2O(g)+ 4e� 
 2H2(g)+ 2O2� (7)

2.2 Thermodynamics and electrochemistry

In the water splitting process, as shown in Equation (1), the chemical bond between hydrogen

and oxygen atoms in water is broken. New bonds are then formed to produce hydrogen and

oxygen gases. The overall reaction enthalpy (DH), is positive, meaning energy must be

supplied for the reaction to proceed.

Part of this energy can be provided by the environment in the form of heat. Gibbs free

energy equation, the thermal energy contribution is estimated as the product of temperature

(T) and molar entropy change (DSm), of the reactants in an isothermal system (Equation 8).

The remaining energy, which cannot be supplied by heat alone, must be provided mainly as

electrical energy (Bessarabov, 2016).

DGm = DHm � TDSm (8)

Where,DGm (J/mol) is the change in molar Gibbs free energy,DHm (J/mol) is the change

in molar enthalpy,T (K) is the absolute temperature,DSm (J/(molK) is the change in molar

entropy.

The reversible voltage, also known as the open-circuit voltage and denoted asUOCV, repre-

sents the minimum voltage required to drive the water splitting reaction. It is calculated by

dividing changes in molar Gibbs free energy,DGm, by the total electric charge transferred

during the redox reaction (nF), as shown in Equation (9), wheren is number of electrons

transferred andF is Faraday constant (C/mol). The thermoneutral voltage,Utn, is the voltage

at which all the supplied electrical energy is converted into chemical energy. At this point,

there is no heat exchange with the surroundings. This voltage accounts for both the molar

Gibbs free energy change,DGm, and molar enthalpy change,DHm.

Uocv =
DGm

� nF
(9)

Utn =
DHm

nF
(10)

Although the overall water splitting process is endothermic, heat dissipation still occurs due
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to various losses in the electrochemical system. So, the actual cell voltage is always greater

than the reversible voltage. This is due to irreversibilities in the system, which include acti-

vation overpotential, ohmic losses, and concentration overpotential. These losses contribute

to the total voltage required to drive the reaction. This heat helps maintain the operating tem-

perature of the electrolyzer. Heat dissipation increases in proportion to the disparity between

the actual cell voltage and its thermoneutral voltage.

Pcell
heat= I � (Ucell � Utn) (11)

Here,Pcell
heat(W) is the power dissipated as heat,I (A) is the current,Ucell (V) is the actual cell

voltage, andUtn (V) is the thermoneutral voltage.

During water electrolysis, the rate of hydrogen production,n� H2 (mol/s), is directly propor-

tional to the current density,j (A/cm2), and the current ef�ciency (Faraday ef�ciency),hF .

n� H2 =
hF � j � A

neF
(12)

Here,A (cm2) is the active electrode surface area,ne = 2 is the number of electrons required

to produce one molecule of hydrogen, andF is the Faraday constant. In an ideal system, the

current ef�ciencyhF is assumed to be unity, meaning all the current contributes to hydrogen

generation. However, in practical systems such as PEM water electrolyzers, gas crossover

and other side effects reduce the current ef�ciency.

2.3 Key components and balance of plant in a PEM water electrolyzer

While the fundamental operating principle of a water electrolyzer is relatively simple, main-

taining stable and controlled conditions in an experimental setup requires a well-integrated

system. A variety of sensors are incorporated throughout the system to continuously log data

for performance monitoring and analysis. All equipments, valves, controllers, and regulators

are controlled in LabVIEW and TwinCAT.

The PEM cell power supply cabinet consists of arbitrary function generator, power analyzer,

high bandwidth ampli�er and �lter unit. The feed water heaters and dryer regeneration

heaters are charged with another set of power supply. Power to the electrolyzer and heaters

are cut down if the system detects any faults.

The initial piping and instrumentation diagram (P & ID) of the PEMWE system as illus-

trated in Appendix 1, Figure 1.1. Figure 2.2, provides an overview of the current experimen-

tal setup. The following subsections describe the balance of plant in detail, outlining their
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functions and interactions within the overall system.

Figure 2.2: PEM water electrolyzer (PEMWE) experimental test setup

2.3.1 PEM cell

The polymer membrane plays a crucial role in the electrolyzer by functioning as a separator,

electrical insulator, and selective ion conductor. It allows H+ ions generated at the anode

to migrate through the membrane to the cathode side of the cell. Membrane material and

catalyst coatings are key to voltage ef�ciency. They help reduce gas crossover and prevent

corrosion, both of which signi�cantly affect cell performance and durability.



22

The PEM electrolyzer cells used in this study have an active area of 19.6 cm2. Each cell

incorporates a Na�on® 117 membrane, which serves as the proton-conducting electrolyte.

The anode is coated with 0.3 mg/cm2 of iridium oxide (IrO2) catalyst, along with a contact

layer to enhance electrical conductivity and mechanical stability. On the cathode side, a

platinum (Pt) catalyst is applied at a loading of 0.5 mg/cm2. Water circulation channels are

machined directly into the titanium end plates. The membrane electrode assembly (MEA)

is fabricated using a hot-pressing technique to ensure strong interfacial bonding between the

membrane and electrodes, which is essential for achieving high electrochemical ef�ciency.

An exploded view of the MEA structure is shown in Figure 2.3.

Figure 2.3: Exploded view of PEM cell

2.3.2 Water circulation unit

The water circulation unit comprises a re�ll pump, a circulation pump and a �ow meter

with an integrated controller. The re�ll pump is responsible for maintaining the water level

within the oxygen separation tank. It is automatically activated based on feedback from a

level sensor to maintain a prede�ned set point con�gured in LabVIEW. Before entering the

separation tank, the water is �ltered through mechanical and ionic �lters to remove impurities

and maintain a conductivity of 0:1 mS=cm. To ensure safety, a pressure release valve is

installed in the line. This valve acts as a safeguard in case of accidental valve closures that

could lead to pressure buildup.
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The circulation pump facilitates continuous water �ow from the separation tank to the elec-

trolyzer cell and back. Its speed is regulated using a Variable Frequency Drive (VFD), which

is controlled through the LabVIEW interface to adjust the �ow rate as needed. Downstream

of the pump, a thermal mass �ow controller is used to precisely maintain the desired �ow

rate to the cell, based on the set point de�ned in LabVIEW.

To enhance operational safety, a freewheeling mechanism is incorporated, enabling the vane

pump to function safely under no-load or partial-load conditions without risking system dam-

age. Further details regarding the piping and valve con�gurations can be found in the P&ID

provided in Appendix 1, Figure 1.2.

2.3.3 Gas separation unit

Figure 2.4: Isometric view of oxygen gas separator

The design of the oxygen gas separator incorporates several key components: a two-phase

�ow inlet connected to a jet ejector at the top, a gas outlet positioned slightly away from

the inlet on the top plate, internal baf�es, a level sensor, a suction inlet for the circulation

pump, and a centrally located vertical separator. Oxygen gas produced at the anode is car-

ried away by water, forming a two-phase mixture as it exits the electrode. Separating the

gas from the water is particularly challenging due to the presence of micro-bubbles; these

micro-bubbles tend to merge into larger bubbles as they approach the separator. The vertical

separator helps prevent gas bubbles from directly entering the circulation pump's suction

line. Meanwhile, the baf�es stabilize the water level and extend the residence time, giving

bubbles more opportunity to coalesce and escape. Level sensors continuously monitor the

water level, and a re�ll pump ensures it remains consistent. Additionally, a gas purging line
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is included alongside the main gas outlet to allow for emergency venting or system �ush-

ing when necessary. Different isometric views of the current oxygen gas separator featuring

the vertical plate separator, internal baf�es, level sensor manifold, and inlet/outlet ports are

illustrated in Figure 2.4.

In the setup described in this thesis, the cathode operates in dry mode without active water

circulation. However, due to diffusion, some water from the anode side permeates through to

the cathode. To separate these water droplets from the gas stream, gravity-based separation

is employed. The resulting two-phase mixture of air and water is directed into hydrogen

separator tank, where the liquid and gas naturally separate under the in�uence of gravity.

The separated gas is then routed to the gas drying unit for further dehumidi�cation. To

ensure safe operation and prevent over�ow, two level indicators are installed in the hydrogen

separator tank. These sensors monitor the water level and control a ball valve located at the

bottom of the tank. The valve opens when the water level reaches the upper threshold and

closes once it drops to the lower limit (Appendix 1, Figure 1.1).

2.3.4 Gas drying unit

Figure 2.5: Gas dryers

The gas exiting the separator is saturated with moisture and must be dried before storage. To

handle this, two dedicated drying units are implemented in parallel—one set for hydrogen

and one for oxygen. Each gas drying cluster consists of a liquid cooling unit with a coa-

lescing �lter, two adsorbent-based drying bed, and heaters. Of the two adsorbent beds, one
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