
Abstract
The use of alkaline electrolysis for the production and storage of hydrogen gas is an effective, scalable, and efficient method of storing 
renewable energy. Optimization of a specific alkaline electrolysis device is achieved by iteratively modifying and improving upon the 
geometry of the device. Methods to reduce electrolyte leakage from the cell are successfully developed and the performance benefits 
of reduced cell width investigated. Well-understood electrochemical principles were used to further characterize the performance of 
the various cell designs investigated. The possibility of further design improvements to the cell are discussed, such as the feasibility 
of incorporating zero-gap technology into the device. Scale-up to pilot scale systems is also presented demonstrating the linear scal-
ability of the design.
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Growing concern over the environmental impact of fossil-fuel use 
continues to lead to the search for cleaner forms of energy. With the 
International Energy Association predicting global energy use to 
continue to rise by up to 50% in 2040 compared with today’s con-
sumption [1] an alternative to our current fossil-fuel economy must 
be found to sustainably meet the needs of the future population. 
Globally, the primary sources of energy production are predicted 
to transition from carbon-intensive non-renewables to cleaner, re-
newable sources such as solar, wind and tidal energy. However, the 
increasing dependence on such intermittent energy sources poses 
a significant engineering challenge, as energy production cannot be 
controlled to match the fluctuating demand of a power grid [2,3]. 
A suitable method of intermediate energy storage is therefore nec-
essary to meet demand during periods of shortfall in production, 
such as at night for solar energy. 

One promising solution is the use of hydrogen as a universal en-
ergy vector and a shift towards a hydrogen economy [4,5]. Conven-
tionally, the “Hydrogen Economy” meant that hydrogen would be 
produced at the source of renewable energy generation, then trans-
ported over large distances and stored in large amounts, for supply 
to cities [6]. Hydrogen has the potential to de-couple supply from 
demand facilitating the realisation of a 100% renewable energy 
landscape. Hydrogen energy is well suited for the use in distributed 
energy production systems, and has a number of applications for 
providing energy storage as well as heating fuel for domestic pur-
poses, with a number of demonstration systems in place verifying 
the feasibility of domestic production and consumption of hydro-
gen [7-10].

Introduction

The production of hydrogen via alkaline water electrolysis pro-
vides the ability to effectively store and distribute energy from 
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This paper mainly focuses on the design optimisation of a small-
scale water splitting device aimed at a bench test cell but scalable 
to the domestic and small-scale production market. A number of 
parameters determine the overall performance of a water-splitting 
device and therefore a specific design’s suitability for purpose. 
These parameters are: energy efficiency, rate of hydrogen produc-
tion, product gas purity, physical footprint, and the relation of these 
performance factors to cost. Electrolyte leakage also presents a 
concern as the design needs to account for methods of minimising 
this issue without including serious compromises in terms of cost 
or functionality.
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The theoretical voltage required to disassociate water into hydro-
gen and oxygen in alkaline media is 1.23 V, under standard tem-
perature and pressure. However, in practice, all cells need to run 
at values significantly above 1.23 V (>1.7 V) to overcome various 
losses, such as the hydrogen overpotential at the cathode, oxygen 
overpotentials, and resistive losses in the electrolyte, separator 
membrane and circuit [15,16].

This paper focuses, firstly, on the analysis and optimization of a 
specific single-cell water splitting device followed, secondly, by 
a discussion of the design construction of a multi-cell industrial 
scale unit. To simplify and accurately characterize the performance 
of each device, the devices were constructed as single-cell models. 
However, all designs were highly scalable and able to operate as 
part of a multi-cell stack as is later demonstrated.

The device cross-section measures 100 mm x 100 mm and consist 
of two electrodes separated by two 12 mm acrylic spacers, silicon 
sealing gaskets, and a central Zirfon membrane (Agfa Zirfon Perl 
UTP 500 Separator Membrane). Electrolyte is fed into the cell via 8 
mm diameter piping running through the side of the acrylic spac-
ers, with produced gases exiting through 8mm outlets at the top 
of the spacers. The total working surface area for the electrodes is 
measured as 36 cm2, and the width of the gaskets and Zirfon mem-
brane are assumed to be negligible. The standard alkaline electrol-
yser cell consists of the following components:

Water is split into its constituent elements of hydrogen and oxygen 
within the water electrolyser according to the following:

A simple bipolar alkaline water electrolyser cell consists of an an-
ode and a cathode connected via a DC power supply, the anode and 
cathode are placed vertically, face-to-face and are separated by a 
chamber containing an alkaline electrolyte14. When operating, a 
current flows across the cell; electrons on the cathode surface are 
consumed by hydrogen ions, forming Hydrogen. To keep the elec-
trical charge balanced, hydroxide ions transfer through the cell to-
wards the anode, giving away electrons at the anode surface. The 
half reactions at the cathode and anode can be written:

low-carbon renewable sources such as solar, wind and hydro-elec-
tric systems [11-13] in a Low-Cost, high efficiency manner. Water 
electrolysers present several attributes that make them suitable for 
a shift to an intermittent and distributed energy production grid: 
they offer elasticity with respect to required input power, are highly 
scalable with systems ranging from a few kilowatts to over one hun-
dred megawatts in large scale applications [14], and their relative 
simplicity of construction makes maintenance by non-specialists 
feasible, as well as deployment in developing countries. The use of 
alkaline electrolyte allows for steel electrode compared to the plati-
num catalysts needed in acid or PEM based electrolyser, hence pro-
viding a low-cost alternative. [15-17]

Electrolysis Theory

Cathode:

2H2 O + 2e- → H2 + 2OH-

Methodology

Standard Device Description

Laboratory Scale Device

2 x Stainless steel (100 mm x 100 mm) electrodes• 
2 x Acrylic spacers (100 mm x 100 mm x 12 mm)• 
4 x Silicon gaskets (≈0.2 mm compressed)• 
4 x M8 nylon compression bolts with nuts• 
2 x 8 mm electrolyte feed tubes• 
2 x 8 mm gas outlet tubes• 
2 x 12 mm acrylic end plates• 
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Experimental Methodology
All bench scale devices being studied were connected sequentially 
to a reservoir containing 20 L of 0.1 M NaOH so that the volume 
of the reservoir was far in excess of the volume of the cell. A low 
concentration of electrolyte was used as the experiment was to 
compare both electrolysers. In a commercial operation higher con-
centration would be used however for the comparison this was 
deemed unnecessary. It is a reasonable conclusion that an increase 
in concentration will improve both designs performance however 
the trend will remain the same. The large volume of electrolyte 
was to ensure that the concentration of the electrolyte would not 
experience significant deviation throughout the course of experi-
ments. During operation, the produced gases were vented to the 
atmosphere, flow through the cell was provided by gas lift and the 
cells were operated at room temperature.

The original water splitting device was based on previous work by 
Passas, [18] and had several drawbacks that were to be addressed 
in subsequent redesigns. During operation, the cell experienced 
a significant amount of leakage, and it was necessary to place the 
electrolyser in drip tray to contain the leaking electrolyte. The 
electrolyte leakage was most notable from the mating surfaces of 
the cell components (the face seals between gaskets, spacers and 
electrodes); although additional leakage was observed from the 
feed tubes into the spacers. Despite the use of silicon gaskets, it 
was found that the nylon bolts were not capable of supplying ad-
equate compression to form a seal between component surfaces 
without failing. During previous investigations involving a multi-
cell con Figure uration, [18] the nylon bolts were unable to ade-
quately support the weight of the cells at the centre of the stack, 
causing them to sag and leak. In order to reduce leakage, the nylon 
bolts were replaced with stronger, steel bolts. However, to avoid the 
electrode shorting across the steel bolts, it was necessary to cover 
the threads in heat-shrink to act as an insulator where they might 

Figure 1: Exploded diagram of 12 mm cell.

Figure 2: Standard electrolyser with 12 mm cell spacers.

All electrical measurements of the cell designs were carried out 
with the use of an Ivium-n-Stat potentiostat multi-channel electro-
chemical analyser; this allowed for accurate control of the voltage 
supplied to the cell, as-well as for accurate measurements of the 
current running through the cell. Each cell’s electrical characteris-
tics were tested by applying a voltage ramp in incremental steps of 
0.5 V for 30 seconds from 0 V to 5 V. The Ivium-n-Stat took current 
readings every 0.5 seconds, giving 60 current readings per voltage 
step. The raw data was analysed using a MATLAB script, selecting 
the last 40 readings for each step, to form an average current value 
for each voltage value. This method was used to reduce experi-
mental inaccuracies caused by the initial charging of the electrode 
plates when the voltage increased. The refined data was then used 
to plot I-V curves for each cell design, allowing for the resistance 
and minimum running voltages to be determined, and for direct 
comparison of each cell’s electrical characteristics. The average 
current data produced by the MATLAB script was further used to 
determine hydrogen production rate against both spacer size and 
applied voltage across the cell. To monitor the long-term perfor-
mance of the devices; each cell was also run at a constant 3 V for 24 
hours, with current measured every 5 seconds. Thus, any variation 
in performance over time was investigated and enough time was 
allowed for leakage from the cell to become evident.

Results and Discussion
Original Water Splitting Cell
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Geometry redesign

The standard cell arrangement employed separate electrolyte feed 
and gas exit tubes for each compartment. Using this construction 
method imposed limitations on the manufacturing and perfor-
mance of the device. To achieve this design, it was necessary to drill 
8 mm holes laterally through the side and top of each cell spacer 
and install 8 mm Outer Diameter acrylic tube stubs bonded in place 
using acrylic adhesive (Tensol 12). This arrangement presents chal-
lenges to rapid component production and assembly slowing down 
the manufacturing rate of the electrolysis stacks and it also adds to 
the number of joints in the cell that required sealing exacerbating 
the issue of electrolyte leakage. The 8 mm tubes, with an internal 
diameter of 4 mm, provided significant restriction to the escape of 
gases produced within the cell. Most significantly, such a design 
made it impossible to reduce the width of each spacer below 12 
mm. As transportation resistances are known to decrease relative 
to decreasing cell widths for finite-gap cells [14,18] improvements 
in cell efficiencies and rates of production are difficult to realize 
with the current design.

The cell design was initially modified to allow for compression 
bolts to run through the centre of the cell edges, as in  Figure 3. As 
expected, this provided a more uniform compression distribution 
across the cell, eliminating the bowing of the cell electrodes previ-
ously observed. Despite elimination of leakage from between com-
ponent mating surfaces, a small, but noticeable amount of leakage 
was still present from the seal between the feed in tubes and acrylic 
spacers; as each cell required four feed and exhaust tubes, a device 
incorporating stacked cells would exhibit a significant amount of 
leakage. To eliminate leakage from the joint where the tubes at-
tached, a redesign of the cell geometry was proposed. The next it-
erative step was to design a cell spacer that did not require the use 
of laterally mounted feed tubes. This was achieved by incorporating 
a 12 mm diameter gas collection and 10 mm diameter electrolyte 
feed manifold into the spacer. Separate manifolds were provided 

contact the electrodes. Changing the material of the compression 
bolts significantly reduced the rate at which electrolyte leaked from 
the cell. However, although adequate compression was applied to 
the corners of the cell frame, it was found that this compression 
was not spread uniformly across the edges of the cell as the cell is 
only bolted at the corners, causing the end plates and electrodes to 
buckle along the centre of each edge, and thus providing an inad-
equate seal.

for both the oxygen and hydrogen gas that ran axially above the cell 
and electrolyte feed manifolds running below the cell.

The redesigned end plates incorporated 12 mm diameter tubing 
that allowed for the extraction of gases and for electrolyte to be fed 
into the cell, as seen in Figure. 5. 8 mm wide channels were etched 
into the rear-side of the end plate to allow electrolyte to flow from 
the inlet tube to the electrolyte manifold incorporated into the cell.

Minor modification was also required of the electrodes, this con-
sisted of additional drilling through the plate to allow for mass flow 
through the manifolds, likewise, the sealing gaskets were modified 
to have an identical cross-section to the modified spacer.

Figure 3: Of standard spacer (left) with modified spacer (right).

Figure 4: Modified end plate.
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Operation of the redesigned cell verified the concept of using axial 
manifolds for gas removal and supplying electrolyte to the cell. The 
feed and exhaust tubes showed no visible leakage during opera-
tion, however, after an extended period, white precipitate formed 
around the tube joints, showing that although leakage was greatly 
reduced, it was not eliminated. Additionally, the incorporation of 
the gas manifolds into the cell wall provided a much greater area 
available for the product gases to escape from the cell, thereby re-
ducing gas build-up within the cell at elevated current densities. 
The cross-section of the redesigned cell frame was kept at 100 mm 
x 100 mm, however the working surface-area was marginally in-
creased to 37 cm2 while still allowing a 5 mm width at the mating 
faces to ensure adequate sealing.

Direct comparison of both cells showed the resistance of both cells 
to be comparable, with slightly reduced resistance for the rede-
signed cell. However, this can be attributed to the slightly larger 
surface area of the redesigned cell, as transportation resistances 
are inversely proportional to surface area in an electrolysing cell. 
[19] 

Assuming there are no parasitic reactions, and under standard con-
ditions, the energy content of the hydrogen produced by the elec-
trolyser can be calculated using Equation 1:

Where: I is the current through the cell, F is Faraday’s constant 
(96,485 A.s mol-1), ncell is the number of cells, t is the time (s), and 
𝛥𝐻c ° is the enthalpy of combustion (286 kJ mol-1).

At 3 V the standard cell and modified cell were found to be able to 
produce 998J (0.28 Wh) and 1100 J (0.31 Wh) respectively, while 
electrical power consumption was 0.56 Wh and 0.62 Wh respec-
tively, with both cells running at an efficiency of ≈50%. This demon-
strates that the change in the geometry of the cell and correspond-
ing gas/electrolyte conduits does not have a significant effect on the 
efficiency.

Figure 5: Standard cell electrode (left) 
and modified electrode (right).

Figure 7: Average Current vs. Voltage for 12 mm spacers. 
Comparison at same concentrtiuon of electrolyste.

Figure 6: Exploded view of modified 12 mm cell.

Cell comparison

The revised design was used to produce a cell with modified 12 mm 
spacers. This allowed for the direct comparison of the performance 
of the original and modified 12 mm cells using the Ivium-n-Stat.

(1)
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From direct comparison of the two designs and observing their op-
eration over an extended period, it was found that the modified, 
axial-flow cell was a more suitable and reliable design for use in 
a commercially viable water splitting device. Furthermore, due to 
the side-mounted tubing, the width of the original cell spacers was 
constrained to a minimum of 12 mm, however the redesigned cell 
had no such limitation. Therefore, further investigation was carried 
out to assess the performance of cells with reduced electrode sepa-
ration distances.

Cell width reduction

The rate at which hydrogen is produced within the electrolyser 
is dependent on the current through the cell. Again, assuming no 
parasitic side reactions, the rate of hydrogen production can be cal-
culated using equation 2:

Based on the observed variation in cell resistance with cell gap 
length and using a MATLAB script, the rate of hydrogen production 
was calculated as a function of cell-gap in increments of 1 mm from 
2 to 12 mm at a range voltages from 2 to 5 V in 0.5 V steps, as shown 
in Figure 11.

Figure 8: Modified 12 mm cell during operation.

Two more modified spacers were employed in the electrolyser that 
were of reduced thickness relative to the original 12 mm spacer. 
The result was two new electrolysers where the cell gap either side 
of the Zirfon membrane was 8 mm and 2 mm respectively. A direct 
comparison was made between the cells using the Ivium-n-Stat. 
As shown in Figure. 10, it was found that the resistance of the cell 
dropped with a reduction in spacer width. The resistance of the cell 
incorporating the 2 mm spacers was 52% lower than the equivalent 
12 mm cell. Analysing the results further showed a clear linear rela-
tion between cell width and cell resistance.

(2)

Figure 9: Average Current vs. Voltage for various spacer sizes.

Figure 10: Resistance vs Spacer Length.
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Figure 11: Production rate vs spacer size for increasing voltages.

Figure 12: Production rate vs applied 
voltage for decreasing spacer sizes.

Figure 13: Exploded view of 2 mm cell.

From our results, we can determine that the rate of production in-
creases for a given voltage as cell gap size decreases. This result has 
important practical implications; in commercial use, the operating 
voltage applied across a water-splitting cell is chosen as a compro-
mise between efficiency and rate of hydrogen production, as the 
energy efficiency of a cell at a given voltage is described as:

Where 1.23 V is the total reversible cell voltage.

The implementation of a thinner cell allows for a lower voltage, and 
therefore greater efficiency, to produce the same quantity of hydro-
gen than a wider cell of identical design, as shown in Figure 12.

(3)

Manufacturing and cost considerations
The incorporation of 2 mm spacers into the cell design has addi-
tional benefits when considering its suitability for use in a function-
al water splitting device. Clearly, the use of thinner spacers has cost 
Saving benefits, with the amount of acrylic (or other spacer mate-
rial) required to produce a unit cell reduced by over 83%; at the 
time of writing, the material cost of the acrylic per cell is £0.24 and 
£1.58 for a 2 mm cell and 12 mm cell respectively. The use of axially 
mounted tubing as seen in Figure 14. Further reduces the amount 
of piping require for multi-cell electrolysers. The thinner, modified 
cell design also significantly cuts manufacturing time, as the use of 
thinner sheet acrylic allows for laser cutting tools to produce spac-
ers more rapidly, with the available equipment for this study able 
to produce five 2 mm spacers in the time taken to cut a single 12 
mm spacer; added to this the requirement that the original spacer 
had to be drilled and tubing glued in place, it is clear that an opti-
mized cell can be produced in a fraction of the time of the standard 
cell. Further reduction sees the replacement of the acrylic 2 mm 
spacer and both gaskets with a single sheet of 2 mm butyl rubber, 
thus moving closer to a commercial design. The removal of internal 
acrylic not only saved cost but improves in the chemical resistance 
of the overall water lifting device as well as reducing the number of 
parts significantly leading towards a device that can be much easier 
to manufacture.

The total footprint of the optimized electrolyser is dramatically re-
duced by the incorporation of 2 mm spacers. For a single cell, the 
total length, including end plates was reduced from 50 mm to 24 
mm. Furthermore, when the optimized design is used to construct 
multi-cell stacks, the space-saving benefits of the optimized cell are 
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even more apparent, as seen in Figure 16. With the length of a six-
cell stack is 52 mm for the optimized design compared to 180 mm 
for the equivalent six-cell standard stack.

Figure 14: 2 mm cell during operation.

Figure 16: Comparison of six cell stacks incorporating 
2 mm cells (left) and standard 12 mm cells (Right).

Figure 15: Comparison of standard 12 mm cell and 2 mm cell.
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