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Abstract

Alkaline electrolysers are a proven and cost-efficient technology for large-scale hydrogen production.
While established, improving their performance remains an active research area. A significant but
less recognized factor is the internal geometry of electrode supports, which influences gas removal
and mass transport, thereby affecting efficiency. This study details the design, fabrication, and
experimental validation of three unique alkaline electrolysers, each featuring a modified internal
electrode-support geometry. Their performance was comprehensively assessed through polarization
curve analysis in individual, partial, and global configurations. The development followed the
Advanced Product Quality Planning (APQP) methodology, employing pure nickel electrodes for
stability. The research experimentally demonstrates how specific geometric alterations directly
influence electrochemical performance and overall efficiency. By operating three electrolysers
simultaneously, the system achieved an overall efficiency of 42% and a maximum oxyhydrogen
production rate of 10 L min! with minimal electrolyte carryover This systematic work establishes
essential design guidelines aimed at advancing the technology from Technology Readiness Level
(TRL) 5 to TRL 6, facilitating the development of a reliable 5 kW hydrogen production system.

Keywords: oxyhydrogen gas; alkaline electrolysis; pilot plant; alkaline electrolyser; internal
geometry

1. Introduction

The rising global energy demand, combined with the limited reserves of fossil fuels and their
environmental effects, calls for a major transition to sustainable energy options [1,2]. Renewable
sources such as solar, wind, biomass, and hydropower provide a clean, sustainable energy supply
that remains plentiful [3]. The rapid expansion of wind farms and solar panel installations reflects
significant advancements in harnessing these resources. Integrating intermittent renewable sources
into a stable energy grid presents challenges that underscore the need for energy storage and
conversion technologies. In this regard, hydrogen —especially “green hydrogen” produced via water
electrolysis using renewable energy —has become a vital element for future economic growth and
decarbonization efforts worldwide [1,4].

Water electrolysis, an electrochemical process that splits water into hydrogen and oxygen, is
essential for hydrogen production. Among the various electrolysis technologies, alkaline
electrolysers (AELs) stand out for their high maturity, simple design, and reliance on low-cost
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materials [5,6]. AELs typically operate with a 25-30% aqueous solution of potassium hydroxide
(KOH) or sodium hydroxide (NaOH), in which hydrogen is produced at the cathode and oxygen at
the anode. Despite their advantages, scaling up AELs for large-scale renewable hydrogen production
introduces new demands to reduce manufacturing costs and enhance operational efficiency, often
requiring operation at elevated pressures of up to 30 bar to produce hydrogen at sufficient pressure
[5].

Mexico accounts for about 1.4% of worldwide CO:z emissions. In line with the Paris Agreement,
it has pledged to cut greenhouse gas emissions by 22% by 2030 and to start decarbonising its economy
by 2026 through the adoption of clean energy sources, as outlined in the Electricity Industry Law [7].
Hydrogen is considered one of these clean energies, useful for combustion and electricity production
via fuel cells, with water being the main byproduct by-product. Since 2020, the National Electric
System Development Program (PRODESEN-SENER-Mexico) has included green hydrogen,
projecting a 1.31% increase in installed capacity in combined-cycle power plants (CCP) to support
the partial decarbonization of electricity generation between 2024 and 2038. Furthermore,
PRODESEN 2024-2038 [8] has reinforced the role of hydrogen by demonstrating the conversion of
4,368 MW of additional CCP capacity through a 75% CHa and 25% H: blending strategy between 2024
and 2038. Therefore, it is a priority to produce green hydrogen immediately, add it at low levels in
CCP, and develop prototype electrolysis systems. Gaining operational experience with hydrogen
technologies is essential, including system sizing, technical setup, and personnel training. Notably,
CCP technology accounts for nearly 40% of Mexico's electricity generation capacity. Using hydrogen-
natural gas blends in gas turbines leverages existing infrastructure, supports modular deployment,
reduces reliance on imported natural gas, and helps partially decarbonise electricity production. To
meet the goals set in PRODESEN 2024-2038, identifying and analysing case studies in Mexico is
crucial for exploring feasible large-scale green hydrogen production options, especially via water
electrolysis linked with the nation’s renewable energy resources.

The overall system efficiency of an electrolyser is critically influenced by various factors,
including the internal geometry of the electrode supports, which dictates mass transport and gas
expulsion dynamics. Electrochemical performance, characterised by parameters such as current
density and overpotentials, is directly linked to the design of porous electrodes, bubble management,
membranes, and flow fields [9]. Specifically, the efficient removal of generated gas bubbles is vital to
prevent coverage of active electrode sites, which can impede reactant access and increase ohmic
losses, thereby degrading performance [10]. The geometry of the electrode supports and the flow
channels within the electrolyser cell play a significant role in facilitating this gas expulsion and
ensuring uniform electrolyte distribution [11]. Suboptimal internal geometries can lead to localised
mass transport limitations and increased resistance, ultimately affecting the system’s ability to
operate efficiently at higher current densities. Innovative approaches in electrolyser design are crucial
for overcoming these limitations and advancing the technology. This includes not only material
science breakthroughs for catalysts and membranes but also fundamental engineering modifications
to the physical architecture of the cells.

The efficiency and overall performance of an Alkaline Water Electrolysis (AWE) system depend
heavily on its core electrochemical components, especially the electrode materials, which directly
affect reaction kinetics, overpotential, and long-term stability. Many studies have examined specific
aspects to enhance the process’s efficiency and performance. For example, electrode spacing has been
shown to be a key factor influencing gas production [12], while porous nickel has been suggested to
boost current density [13]. Additionally, optimisation of potassium hydroxide (KOH) concentration
in the electrolyte has been analysed to improve gas output [14]. However, undesirable byproducts
can form during the process, such as hexavalent chromium resulting from material leaching (stainless
steel) during electrolysis [15]. From both economic and technical viewpoints, multicriteria analyses
have been conducted to assess diverse water electrolysis technologies [16], alongside reviews that
focus on the progress and challenges of anion-exchange membrane (AEM) electrolysis [17].
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Moreover, various electrode configurations, including zero-gap designs, have been investigated to
reduce energy losses and enhance system efficiency [18].

Studies have shown that nickel electrodes effectively support the electrochemical reactions
needed for efficient water splitting. However, pure nickel has limited catalytic activity, particularly
for the hydrogen and oxygen evolution reactions, resulting in higher overpotentials [13]. This results
in higher energy consumption and reduced system efficiency in real-world use, emphasising the
importance of exploring alternative or modified nickel-based materials to enhance performance.
Extensive research has focused on developing nickel-based alloys and composites. Among these,
nickel-iron (Ni-Fe) alloys stand out due to their improved electrocatalytic activity. When iron is
integrated into the nickel matrix, a synergistic effect often occurs, leading to significantly lower
overpotentials for both HER at the cathode and OER at the anode, thereby boosting overall energy
efficiency. For example, recent research has demonstrated the successful use of NiFe layered double
hydroxide (LDH) anodes in commercial alkaline electrolysers for high-performance seawater
electrolysis, indicating their potential for practical use and notable efficiency improvements [19].
Relevant studies have reported the use of nickel alloys with molybdenum and tungsten to improve
resistance to alkaline corrosion [20], and nickel-cobalt alloys that demonstrate superior performance
compared to pure nickel electrodes [21]. Moreover, nickel mesh electrodes combined with catalysts
have been utilised to achieve current densities exceeding 1 A cm-2 [22]. Comparative analyses of two-
dimensional (2D) and three-dimensional (3D) electrode structures have revealed that 3D electrodes
can increase hydrogen production by up to 45%, attributed to their larger active surface area [23].
Additionally, incorporating molybdenum disulfide (MoS2) as an electrocatalyst has been shown to
enhance electrical conductivity [24], and cold-spray techniques have enabled the fabrication of
porous nickel electrodes by depositing aluminium and nickel layers, followed by selective removal
of aluminium [25]. Other studies have evaluated the performance of various anode materials under
high-temperature conditions [26], developed bifunctional Ni-Zn/rGO catalysts with high activity for
hydrogen evolution [27], and fabricated nanostructured electrodes using ultrashort laser pulses to
increase surface area and gas production [28]. Furthermore, CuFe electrocatalysts supported on
nickel foam have been proposed to improve gas and electrolyte diffusion during electrolysis [29].

In addition to improving electrode materials, several studies have focused on optimising the
balance of plant and auxiliary components. For instance, adding zinc oxide (ZnO) to the alkaline
electrolyte initially boosts hydrogen production; however, long-term operation can lead to zinc
depositing on the electrode surface, which negatively impacts performance [30]. Researchers have
also examined how rectifier topology, energy consumption, and gas quality interrelate in alkaline
electrolysis systems [31] and explored the use of external magnetic fields to enhance hydrogen
generation [32]. Furthermore, zero-gap configurations—reducing the distance between electrodes
and diaphragms—have been shown to decrease ohmic losses [33]. Simulation studies across various
operating pressures (1-100 bar) suggest that higher pressures are not always beneficial for overall
system performance [34]. Since traditional electrical grids are often used to supply energy during the
experimental phases of alkaline electrolysis, recent research has investigated incorporating
renewable energy sources to enable green hydrogen production. Examples include photovoltaic
modules paired with nickel foam electrodes [35], excess wind energy utilised to operate alkaline
electrolysers at rates up to 1 Nm? h-1 [36], and small 20 W solar panels [37]. Additionally, alternative
seawater electrolysis methods have been suggested to avoid chlorine formation, as standard
techniques are unsuitable due to anodic chlorine evolution [38]. Other studies report hydrogen
production rates of 1.138 g h-1 using photovoltaic panels [39] and the integration of solar panels into
wind turbine blades with copper electrodes coated with nickel and nickel-vanadium layers [40].
Numerical modelling and simulation, particularly Computational Fluid Dynamics (CFD), have
become indispensable tools in the design and optimisation of electrochemical systems. The
complexity of multiphase flow, mass transport, and electrochemical reactions within electrolysers
often renders purely experimental approaches time-consuming and expensive. These include
simulations of electrode-diaphragm distance and electrolyte concentration effects [41], the
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development of semi-empirical mathematical models to predict the behaviour of 15 kW systems [42],
and the application of Aspen Plus software to simulate the electrolysis process [43]. Additionally,
three-dimensional numerical modelling of alkaline electrolysis cells operating with KOH electrolyte
at current densities of 2 A m-2 has been performed [44]. Other studies explored how temperature
influences system performance [45], developed dynamic models for mass and energy balances in 3
MW industrial plants [46], conducted physical modelling of two-phase hydrogen flow within alkaline
electrolysers [47], and simulated large-scale systems, including a 250 kW electrolyser producing 50
Nm? h' of hydrogen [48]. Alkaline electrolysers (AEs) offer various advantages and disadvantages
compared to other electrolysis methods, as previously discussed. They are modular, cost-effective,
and produced through well-established manufacturing processes. Unlike proton exchange
membrane electrolysers (PEM), AEs do not require precious metals for their electrodes, have an
operational lifespan of up to 20 years, and tend to be more affordable to produce. In Mexico, initial
green hydrogen applications are likely to focus on thermal processes that do not demand strict
hydrogen purity standards, making alkaline electrolysis the preferred choice. However, the
automotive sector needs very high-purity hydrogen for fuel cell operation. In Mexico, the absence of
a domestic electrolyser manufacturing industry underscores the importance of developing and
adopting hydrogen technologies. This approach aims to reduce reliance on imported equipment and
lower costs. It is crucial to start local production, utilising available materials and gradually adding
non-local components as demand grows. Additionally, the design of domestic electrolysers should
focus on low-cost manufacturing and easy maintenance, while meeting safety and durability
standards.

The initial prototypes of alkaline electrolysers were created in 2014 by a research team at the
Instituto Politécnico Nacional. Horcasitas-Verdiguel et al. [49] used the Advanced Product Quality
Planning (APQP) methodology to guide the design process. They focused on the first three stages:
(1) program definition, (2) product design, and (3) process design. Later, Trujillo-Olivares et al. [50]
addressed the subsequent two stages: (4) product validation and (5) process validation. These efforts
led to a Technology Readiness Level (TRL) of 5, meaning the electrolysers were validated in a relevant
operational environment. At this level, prototypes were tested under real conditions with controlled
parameters; however, they could not yet perform all the functions of a fully operational system. It
was determined that further development is needed to expand the processes and demonstrate the
electrolysers’ industrial viability. The main goal of this study is to develop three alkaline electrolysers
with varying internal shapes to demonstrate how this design factor influences performance.
Specifically, the study focuses on optimising the internal geometry of electrode supports, which also
impacts the overall system efficiency. The integration of structured methodologies like APQP, in
combination with TRL, are pivotal for developing, validating, and scaling these advanced electrolyser
designs, ultimately contributing to a more efficient and sustainable hydrogen economy. This helps
speed up the transition of innovative designs into scalable production systems up to 5 kw. The
remainder of this paper is as follows: “Experimental methodology” describes all the experiments
carried out, “Results” section shows all the experimental data obtained and the section “Conclusions”
reflects on the topics.

2. Materials and Methods

2.1. Methodology

In this study, TRL is used to connect the different APQP stages, helping determine the readiness
level required for product commercialisation. TRL is a numerical scale that measures technological
maturity, crucial for evaluating the feasibility and applicability of innovations, guiding research and
development decisions, and supporting the deployment of advanced technologies in industry and
society. Over the past decade, our research group has conducted several projects to advance alkaline
electrolysis technology, actively involving postgraduate students. These efforts have contributed
significantly at both the theoretical and practical levels, advancing through multiple APQP stages
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and TRL levels, as illustrated in Figure 1, and were inspired by these methodologies to complement
and strengthen the overall development in a more comprehensive and systematic manner. The initial
phase involved fundamental scientific research at TRL 1 and APQP Stage 1, focusing on the core
principles of alkaline electrolysis, its advantages and disadvantages compared to Proton Exchange
Membrane (PEM) and Solid Oxide Electrolysis (SOEC).
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Figure 1. Methodologies Integration used in the development of the alkaline electrolyser.

In the next phase, the team conducted basic scientific tests and developed small-scale laboratory
prototypes, advancing to TRL 2-3 and APQP Stage 2. These activities involved applied research,
component design, and controlled experiments using low-capacity electrolysers built at the National
Polytechnic Institute (IPN). The research also included concept development and analysis of key
operational parameters, contributing to knowledge growth and progressing to APQP Stage 3 and
TRL 4 validation in a controlled setting. During this phase, all essential data were carefully gathered
to support ongoing improvements and move toward TRL 5. The current scientific work focuses on
designing and developing a 5 kW scalable pilot plant, reaching APQP Stage 4 and TRL 5. This pilot
plant results from extensive experimental testing, integrating various subsystems and evaluating
their performance under relevant environmental conditions. The outcomes show significant
enhancements over earlier prototypes, marking an important milestone in the development of
alkaline electrolysers and demonstrating their potential for practical and commercial use.

An alkaline electrolyser requires at least two electrodes to function, regardless of its size. Oxygen
is produced at the anode through hydroxide ion (OH") oxidation when a direct current is applied to
an alkaline aqueous solution. Simultaneously, hydrogen is generated at the cathode by the reduction
of protons from water, as shown in Figure 2.
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Figure 2. Electrochemical reactions and ionic transport in alkaline water electrolysis.
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The development of the 5 kW pilot plant followed multiple stages aligned with the APQP
methodology and technological maturity levels. The initial three APQP stages were based on the
research group’s prior work. APQP Stage 4, focused on product and process validation, involved
scaling up tests with different concentrations of potassium hydroxide (KOH) and sodium hydroxide
(NaOH) to assess performance and efficiency. It also verified the new purification and cooling
systems, accounting for variables such as gas purity and the optimal operating temperature required
for scaling the prototype. These activities correspond to TRL 5-6, where the technology is validated
in a relevant industrial environment. The last two APQP stages and the remaining TRL levels cover
the full development and readiness of the technology. Currently, the pilot plant project fits within
this framework, having identified specific process requirements, including material and equipment
selection for alkaline electrolysis, and characterisation of input materials and final product
specifications.

The pilot plant is designed to operate between 1 and 5 kW, with components selected to handle
different flow demands. Each part is resistant to alkaline corrosion, prevents electrolyte or gas leaks,
provides proper electrical insulation, and keeps temperatures within set limits. After starting up,
collecting detailed performance data at 5 kW will be crucial for refining the process. This information
will inform the development of a larger, industrial-scale alkaline electrolysis plant with greater
hydrogen production capacity.

The final stage of the APQP methodology, involving production and feedback, marks the next
step in this research. It necessitates collaboration with the industrial sector to validate the pilot plant
under real operating conditions, ensuring operation by external third parties outside the laboratory.
This phase aligns with TRL levels 7 to 9, which ultimately assess whether the technology is ready for
commercial production.

Figure 3 illustrates the APQP methodology, which was crucial for organising the progress of this
research. By clearly defining each stage, the project objectives were effectively outlined. The figure
shows the APQP diagram adapted to the experimental work. Stage 1 describes the conceptual design
of the pilot plant. Stage 2 covers the design of the alkaline electrolysers. In Stage 3, the operation of
the 5 kW pilot plant is shown as the process implementation. Stage 4 involved validation through
results such as polarisation curves and continuous operation tests. Lastly, Stage 5 uses an Ishikawa
diagram as a feedback mechanism to identify and resolve opportunities for improvement.
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Figure 3. Adapted APQP-based development framework applied to the design and assembly process of an
alkaline electrolyser for a pilot-scale plant.

2.2. Components of the Pilot Plant

2.2.1. Electrolyser

The design of this electrolyser includes two side plates made from AISI 304 stainless steel, chosen
for their durability under mechanical pressure and in a corrosive, alkaline environment. The system
also features two lateral Nylamid SL reservoirs, carefully sized to provide a steady and adequate
electrolyte supply to the electrochemical cell. The electrolyte inlet is conveniently located on the
cathode side, below the centre of the side plate, to promote even electrolyte flow across the cell.
Meanwhile, the electrolyte outlet is positioned on the anode side, above the center, to ensure efficient
removal of gases and electrolyte from the system. The inner reservoirs are made from Nylamid SL
with a 5 mm wall thickness, designed to hold a single electrode each. They feature an internal half-
moon shape that promotes upward gas flow and allows free electrolyte circulation from the bottom
to the top outlet. The electrodes are made of nickel to prevent the formation of hexavalent chromium
and to ensure stability in alkaline conditions. To seal the assembly and prevent electrolyte and gas
leaks, EPDM gaskets with a Shore A hardness of 90 were used between the reservoirs. This sealing
material was chosen for its high resistance to alkaline environments, its ability to withstand high
temperatures, and its mechanical strength under compression.

The initial design parameters for the alkaline electrolysers were set based on Faraday’s laws of
electrolysis and efficiency data from earlier research by the Hydrogen Research Group of the IPN.
These parameters were calculated using the following equations:

The amount of hydrogen generated was determined using Faraday’s law. (Equation 1):

my, = ItE, (1)
where my, is the mass of hydrogen produced (g), I is the applied current (A), tis the operating time
(s), and E, is the electrochemical equivalent of hydrogen, with a value of 1.03 x 107> g C™*

The overall efficiency of the electrolyser (1z) was evaluated according to Equation 2:

Neg = E_CZ )

where Ey, is the energy content of the hydrogen produced, and E( is the total energy consumed by
the electrolyser during operation [49]. Table 1 presents the basic parameters for sizing the 5 kW

electrolyser.
Table 1. Basic parameters for sizing the electrolyser.

Design parameter Data Unit
Electrolyser power 5 kW
Efficiency 50 %
Current density 0.5 A cm?
Electrodes diameter 10 cm
Number of electrodes 36 Part
H: density @ 1 atm y 25 °C 0.0823 gL~
Higher heating value of Hz 39.4 Wh g1
PMt2 2 g mol!
Faraday constant 96,485 C mol?
Operation time 1 h

Using these equations and accounting for the current density commonly employed in laboratory
experiments at the IPN [51], as well as the operating point specified in the literature for real conditions
[52], it was found that 36 electrodes are needed to achieve the pilot plant’s hydrogen production goal.
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Based on previous experimental experience and mechanical design constraints, the maximum
practical number of electrodes per electrolyser unit has been set at 12 [51].

Exceeding this number would necessitate much higher tightening torque, which could cause
gasket deformation and sealing issues. Additionally, having too many electrodes can impair the
distribution of electrolyte flow within the electrolyser.

As a result, the pilot plant design included three electrolyser units, each with 12 electrodes,
thereby fulfilling the total requirement of 36 electrodes while maintaining mechanical integrity and
operational efficiency. The configuration of the three cells is shown in Figure 4 solely to demonstrate
their spatial arrangement.

Monopolar
Electrode

Bipolar Holder

Monopolar
Electrode

Bipolar
Electrodes

Monopolar Holder

Lateral Nylamid Reservoirs

Lateral Plates

Figure 4. 3-cell electrolyser, featuring two monopolar electrodes and two bipolar electrodes.

As previously noted, the internal geometry of the electrolyser plays a crucial role in gas removal
and temperature rise, directly impacting the system’s overall efficiency. Therefore, three different
electrolyser configurations were designed and tested to determine the most efficient setup.

To estimate the theoretical oxyhydrogen gas production for an electrode with a 9.8 cm diameter,
an active area of 75.43 cm? was used. Applying a maximum density of 0.5 A cm?, the resulting
maximum current was 37.5 A. Using Faraday’s laws (Equation 1), the estimated gas output per cell
was 0.283 L min at a density of 0.0823 g L.

The three electrolysers will be connected in series to ensure continuous and scalable production.
Each electrolyser has unique internal geometries designed to optimise electrolyte distribution and
the removal of the gas—electrolyte mixture.

e The initial setup, called 1EA, features four half-moon openings placed side by side to the
electrode supports. The lower two openings help in distributing the electrolyte, whereas the
upper two openings are meant to aid in releasing the biphasic mixture of electrolyte and gases
(oxyhydrogen gas) formed during operation.

e The second configuration, called 2EA, includes four concave structures that run almost all
around the electrodes. It operates on the same basic principle as the first design, with lower
openings for electrolyte flow and upper openings for gas removal.

e  The third configuration, called 3EA, features a modified internal half-moon geometry. In this
setup, the electrolyte primarily flows through the lower part of the electrolyser, with only a
single half-moon opening at the top to allow the biphasic mixture of electrolyte and gases to
escape.

The comparative analysis of these three configurations will identify the most efficient geometry
regarding gas removal, temperature control, and overall electrochemical performance, as shown in
Figure 5.
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Area: 263 mm?

Figure 5. Comparison the three different electrode holder configurations, area for gas-electrolyte venting and
the internal geometry of the electrode after 100 hours of operation. (a) EA1l, gas-electrolyte venting is observed
at the level of the upper half-moons. (b) EA2, it is observed that nearly 50% of the electrode’s active area is

underutilized. (c) EA3, the full active area of the electrode is effectively utilized.

For EA1, an opening area of 171 mm? and a total gas evacuation area of 1447 mm? (up to the
dotted line) were designed to theoretically permit the correct removal of generated gases. However,
the internal geometry also allowed the gas to descend to this dotted line, as observed in Figure 6a,
where a zone that did not become an active area was marked after hours of operation.
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0 20 40 a0 140
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Figure 6. Characterisation Protocol test of electrolyser.

For EA2, a larger concave opening area of 257 mm? and a significantly larger evacuation area of
3766 mm? were implemented. This similarly ensured adequate gas evacuation. However, this
geometry also induced internal turbulence, which resulted in the gas stripping approximately 50%
of the electrode’s active area, descending nearly to the dotted line.
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In contrast, EA3 featured an opening area of 263 mm? and a deliberately limited evacuation area
of 338 mm?2. This configuration was found to maximize the utilization of the electrode’s active area
while still permitting the free release of per-minute gas production per cell. As can be observed in
Figure 6¢, no gas-induced markings displacing the electrolyte were present on the electrode surface.

Several studies have analyzed the effects of vacuum-induced fracture between electrodes, which
is associated with the formation and accumulation of gas bubbles [53]. In this work, the geometry
designated for gas venting was determined to play a fundamental role in mitigating this
phenomenon. Both numerical calculations and experimental results demonstrated that the optimized
geometry facilitates the continuous and efficient venting of oxyhydrogen gas, reducing the formation
of local voids, bubble coalescence, and pressure fluctuations between electrodes. Consequently, the
probability of vacuum fracture is diminished, and the mechanical and electrochemical stability of the
system is improved.

2.2.2. Power Supply

Oxyhydrogen gas is produced using direct current (DC) supplied by a Keysight N8920A DC
power supply, which provides up to 5 kW at 80 V and 170 A. The pilot plant operates at 5 kW with a
current density of 0.5 A-cm™ and an efficiency of 50%. Its performance is evaluated whenever an
electrode is added, as increasing the number of electrodes raises both the active surface area and the
electrical resistance. To characterise the system, the current is gradually increased, and the resulting
voltage response is recorded at each step. These data are used to plot the voltage—current (V-I)
characteristic curve of the electrolyser, aiding in the analysis of its electrochemical behaviour.

2.2.3. Phase Separator

After the electrolysis inside the electrolyser, the electrolyte flow and oxyhydrogen gas are
directed to a phase separator. This device retains the electrolyte and recirculates it back to the
electrolyser, while allowing the gas to escape freely through an upper outlet. Made of stainless steel,
the separator has a 3 L capacity and features horizontal plates at the top to slow gas flow and
encourage condensation of electrolyte vapour. It also includes a housing for a polypropylene mesh
demister, which captures most of the vapour. Additionally, the separator has a double-jacketed
design, with a secondary jacket that circulates antifreeze solution to control the temperature without
direct contact with the electrolyte.

2.2.4. Purification System

The purification system is intended to eliminate residual electrolyte from the oxyhydrogen gas
produced during electrolysis. Due to the high temperatures inside the electrolyser, the formation of
electrolyte microdroplets and vapour is unavoidable. If these contaminants are not properly filtered
out, they could affect the quality and efficiency of the processes that use the gas. The system includes
four main parts: the primary bubbler, vapour trap, dryer, and secondary bubbler. Water conductance
was measured with a conductivity meter (Conductronic PC45) with a measurement range 0.1 - 200
mS cm.

The primary bubbler is the initial stage following the phase separator. In this device, gas is
introduced at the bottom of a container filled with deionised water. Its main role is to trap
microdroplets of electrolyte, thus preventing them from advancing to the drying stage. The internal
design features a coiled structure that promotes condensation and captures any residual electrolyte
vapour after phase separation. Because the gas has a lower density, it rises to the next part, the dryer.

The vapour trap is placed downstream of the primary bubbler to collect any residual electrolyte
vapour. It works by encouraging condensation using a polypropylene mesh fabric. The device
features a bottom cap that functions as a drainage outlet for the condensed liquid.

The dryer consists of a container filled with silica gel, a desiccant that absorbs residual moisture
from the oxyhydrogen gas. By this point, most electrolyte contaminants have been eliminated, but
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since the gas has traversed water-containing devices, removing any remaining moisture is essential
to maintain gas purity. Ultimately, the secondary bubbler serves to confirm electrolyte carryover
before the gas is used.

The secondary bubbler checks for electrolyte carryover before de-gassing by measuring water
conductivity. The conductivity should remain below 50 puS cm-! for 8 hours, indicating water quality
comparable to rainwater or drinking water [54].

2.2.5. Flowmeter

An Alicat mass flowmeter with a 0-20 SLPM range measures oxyhydrogen gas production by
tracking the volumetric flow rate passing through the system and calculating the hydrogen and
oxygen generated during electrolysis. It also adjusts data to standard conditions, accounting for
altitude and temperature variations. This device is essential because its data is used to determine the
system’s overall efficiency.

2.2.6. Characterisation Protocol for Alkaline Electrolysers

A standard characterisation protocol, described below, was implemented to obtain a rectified
and reproducible performance curve.

A sequence of current pulses was applied to obtain the I-V curve, with the current intensity
varying at specific times. During each pulse, the system’s voltage response was recorded. The current
range was based on parameters summarized in Figure 5. The protocol starts with a 10 A current for
25 minutes to activate the system, then gradually increases until reaching 50 A. This step is crucial to
prevent the “Champagne effect,” which occurs when a rapid increase in current causes excessive gas
production, risking electrolyte expulsion like opening a pressurised liquid bottle [55]. The overall
electrolyser characterisation protocol and its graphical behaviour are shown in Figure 6.

Once the maximum current of 50 A is achieved, the system maintains this level until the
electrolyte temperature hits 70 °C. Then, the current is gradually decreased in 5 A increments,
stopping at 0 A. Each current level is held for 5 minutes or until a stable voltage is reached. During
each step, the voltage and gas flow rate are recorded to develop the I-V curve and determine the
electrolyser efficiency.

A direct reduction from 50 A to 0 A isn't feasible because a swift current decrease creates a
pressure difference between the phase separator and the bubbler, resulting in a vacuum. This vacuum
causes water from the bubbler to be sucked into the separator, which dilutes and contaminates the
electrolyte. To ensure repeatability, each curve is measured three times. In later tests, the current is
increased by 5 A increments until the maximum is reached.

3. Results

The pilot plant is a small-scale setup used to test, validate, and optimize industrial processes
before scaling up. It allows assessment of performance, safety, and the technical and economic
feasibility of prototypes. Figure 7(a) illustrates the 0.5-5 kW pilot plant for oxyhydrogen gas
production, with components previously described, which was used for all testing. Figure 7(b)
displays the process diagram of the pilot plant’s operation.
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Figure 7. a) Pilot Plant, b) Process Diagram.

Each electrolyser’s performance was evaluated individually. However, since the pilot plant
requires all three units to operate simultaneously, three configurations were tested by temporarily
excluding one unit and operating only two at a time. The first setup included EA1 & EA2; the second,
EA2 & EA3; and the third, EA1 & EA3. The characteristic curves for each configuration are shown in
Figure 8(a). The EA2 & EA3 configuration showed the lowest resistance, needing a lower voltage at
the same current compared to the others. However, as seen in Figure 8(b), this is because EA2 & EA3
stayed in the activation stage, while the other combinations were already in the production phase.
This is mainly due to EA2’s lower gas output, caused by slower gas removal. Ultimately, the EA1 &
EA3 setup performed the best, likely thanks to its internal design optimized for gas evacuation,
leading to higher efficiency in oxyhydrogen gas production.
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Figure 8. (a) Characteristic curve under different configurations; (b) flow performance as a function of the
applied current density.
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Figure 9(a) depicts a section of the process diagram, highlighting the parallel connection of
electrolyte circuits from three electrolysers. This setup ensures that gases produced flow directly to
the phase separator.

o 30A 30A 30A
Antitroze CYOTEM 25V 25V 25V
Electrolyte - . .

Oxyhydrogen our

OXYHYDROGEN

REACTURIE . . oo o o e vy i

1 T N = |

I o ] PP | L *
s pee " bl 30A
” = = DC Current 75V

~Je et - 11} 5kW
wb A ) LIt i L
OXYHYDROGEN DC POWER

REACTOR

(a) (b)

Figure 9. (a) Parallel configuration for electrolyte flow; (b) series connection for the applied current configuration
in the system.

Two temperature sensors are visible—one at the inlet and one at the outlet of the phase
separator —used to measure and control the electrolyte temperature. When temperatures surpass 80
°C, the cooling system activates; it deactivates once the temperature drops to 70 °C. This control
strategy stabilizes the system and prevents efficiency loss. Figure 9(b) shows the series configuration
of the direct current power supply supplying the three electrolysers. This arrangement was chosen
to keep the same current through all units while monitoring the overall voltage required.

Figure 10(a) presents the data obtained and the overall performance curve of the pilot plant,
reaching an energy consumption of 5 kW and a maximum oxyhydrogen gas production of 10 SL min-
1 at 45% of energetic efficiency. The optimal and stable production rate is 6 SL min’ at 50% of
efficiency. The total operating time of the pilot plant exceeded 100 hours. However, these tests were
conducted under two different configurations (series and parallel) and at various operating points
(0.3, 0.5, and 0.55 A cm) in order to observe temperature variations and assess the response of the
temperature control system, as well as the overall stability of the system under these changing
conditions. Each test was carried out for a minimum duration of 4 hours and up to a maximum of 12
hours, until the cumulative total of 100 hours was reached. The most representative tests are
presented in Figure 10(c). Figure 10(d) shows the pilot plant operating at 0.5 A cm2 for a duration of
seven hours, maintaining a stable production rate. After four hours of operation, a modification was
made to the cooling system, which is reflected in the data; however, the system eventually re-
stabilized. Following the start-up phase, the voltage-to-flow ratio of the oxygen-hydrogen mixture
stabilized and remained constant throughout the test, allowing the identification of optimal operating
conditions for pilot plant.
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Figure 10. (a) current vs voltage characteristic curve of the 5 kW pilot plant. (b) Production test (L min') versus
the applied current density (A cm?) at the beginning of the test and after 100 hours of operation. (c) Tests time

vs voltage at different current densities; (b) Stability test for 7 hours at 0.5 A cm™2.

As a final observation, it was found that at the optimal current density of 0.5 A cm? (equivalent
to 37.5 A), a gas flow rate of 7 SL min' was achieved. However, after 100 hours of continuous
operation, increasing the current density to approximately 0.65 A cm? (48 A) was necessary to
maintain the same production rate, Figure 10(b). This increase in current is attributed to the
previously described cathode passivation phenomenon, which reduces the active surface area and
requires a higher current supply to sustain the oxyhydrogen gas generation rate.

At the current stage of the project—corresponding to Technology Readiness Level (TRL) 6 —the
5 kW alkaline electrolysis pilot plant operates as an integrated test bench, where product and
manufacturing technologies converge within the same environment. The unit cell, cooling system,
temperature instrumentation, and drying line have been assembled using the exact materials,
tolerances, and inspection plans that would be applied in a future semi-commercial production line.
This approach ensures that all aspects related to manufacturability, from machining of the plates and
electrodes to the nickel-plating procedures, are assessed under industrial, rather than merely
laboratory, conditions.

The alignment between the new product and manufacturing technologies is further supported
by the deliberate selection of processes already mastered by the supply chain, including laser cutting,
CNC machining of bipolar plates, mechanical processing of inlet/outlet nozzles, and electrolytic
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nickel coating on stainless steel. For the latter, the critical current parameter was set at 40 A for 20
minutes, following a correlation between theoretical efficiency and deposited mass. In this way, the
cell requirements have been matched to existing production capabilities, thereby avoiding
bottlenecks during scale-up to larger production batches.

External users—including the Puebla Technologic University, the Interdisciplinary Professional
Engineering Unit, Hidalgo Campus (UPIIH-IPN), and Higher School of Mechanical and Electrical
Engineering, Culhuacan Unit (ESIME Culhuacan-IPN) have successfully conducted tests on these
pilot units without significant complications. Feedback from these users is expected to help identify
opportunities for improvement. Simultaneously, the operational structure has been redefined to meet
the needs of this development phase. The team will conduct marketing segmentation studies and will
calculate the levelized cost of hydrogen at 30 bar, while also ensuring the traceability of electrode and
electrolyte batches. The APQP methodology will be applied to document risks and critical controls.
In parallel, ISO 9001 certification of the pilot plant will be initiated in order to validate testing
protocols and formally certify the results obtained. Collectively, these advancements demonstrate
that the technology has transcended the laboratory stage, operates through real production processes,
involves external users, and is undergoing formal certification procedures, thus fulfilling the criteria
established for TRL 6.

4. Discussion

The results obtained during the development and operation of the 5 kW alkaline electrolysis
pilot plant confirm that the scaling of these systems cannot be addressed solely by increasing
electrical power or the number of cells. An integrated consideration of electrochemical, geometric,
thermal, and fluid dynamic aspects is required. In this context, the application of the Advanced
Product Quality Planning (APQP) methodology allowed the design and validation process to be
structured, enabling the early identification of critical failures, particularly those related to electrolyte
carryover. One of the main contributions of this work is the adaptation of the internal geometry of
the electrode support and the internal volumes, which allowed the reduction of electrolyte carryover
toward the gas outlets. This phenomenon is common in membrane-free alkaline systems and tends
to intensify during scaling due to increased gas flow rates and gas-liquid interaction in confined
spaces. The implemented geometric modifications demonstrated that this effect can be mitigated
without resorting to complex external solutions, resulting in a more compact and robust design.

From an electrochemical perspective, the use of pure nickel electrodes showed stable behavior
under the established operating conditions (40 A and 80 V), in agreement with reports in the literature
for concentrated alkaline media. The overall efficiency achieved, close to 42%, reflects both the
inherent losses of the alkaline electrolysis process and the limitations of a pilot-scale system.
However, this value is relevant considering that the main objective was the validation of the scaling
strategy and operational stability with three electrolysers operating simultaneously. The
oxyhydrogen production flow rate of 10 L min-! shows a consistent relationship between the supplied
electrical power and gas production, validating the correct application of Faraday’s law during the
design stage. In addition, the stability of the measured flow suggests that thermal management and
electrolyte circulation were adequate, preventing significant fluctuations during operation.

Finally, although the system presents limitations inherent to its membrane-free configuration,
the results demonstrate that an appropriate geometric design, supported by a structured
methodological planning approach, allows stable and reproducible performance to be achieved at
the pilot-plant level, providing a solid basis for higher-power developments.

5. Conclusions

The primary objective was to meticulously design, simulate, and subsequently fabricate three
distinct alkaline electrolysers, each incorporating a modified internal geometry for their electrode
supports. This approach is intended to unequivocally demonstrate how precise alterations in this
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fundamental design parameter can significantly affect the overall electrochemical performance and
system efficiency. A crucial ambition of this study is to elevate the technological readiness level (TRL)
of these electrolyser designs from TRL5 to TRL6, thereby bridging the crucial gap between controlled
laboratory validation and a demonstration in a relevant operational environment. This advancement
is essential for scaling up the developed electrolysers towards a production system capable of
generating up to 5 kW of hydrogen, marking a significant step towards commercial viability and
providing a solid foundation for the refinement and adoption of this technology in large-scale
industrial environments.

A pilot plant for high-purity oxyhydrogen gas production was successfully tested, as evidenced
by the near-complete removal of electrolyte carryover from the gas stream. This shows that the
proposed system can provide oxyhydrogen flows capable of supporting larger-scale operations. To
assess the effects of internal design, three alkaline electrolysers with different internal configurations
were designed, simulated, and constructed. Testing revealed that small variations in internal
diameters notably affected the applied voltage, temperature, and gas flow rate, highlighting the
importance of meticulous design to maximise efficiency. Among the options, EA2 performed the
worst due to inadequate gas removal, resulting in higher internal temperatures, higher voltages, and
lower efficiency.

Additionally, the serial and combined tests aimed to achieve a production rate of 10 L min! at 5
kW power, but the system maintained a stable output of about 6 L min" for over 100 hours. These
results support the potential to scale up the system for industrial use, where higher production rates
and longer operational periods are essential.

6. Patents
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