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Abstract

Hydrogen is an important energy carrier that has no carbon emissions when energy is
extracted and also can be used as energy storage to increase the practicality of many renewable
energy sources. The prominent methods of hydrogen production make use of fossil fuels,
resulting in carbon emissions. Electrolysis is a lesser used technology for hydrogen production in
which electricity splits water molecules into oxygen and hydrogen gases. If the electricity is
sourced from renewable energies, this process releases little to no carbon and the resulting
hydrogen is termed “green hydrogen.” While electrolysis and fossil fuel methods have
comparable efficiencies of hydrogen production, the use of electricity results in electrolysis
having a significantly higher cost. To make electrolysis feasible for large-scale hydrogen
production, energy losses must be decreased to improve its efficiency. This study investigates the
combined impact of electrolyte concentration and the application of a magnetic field on
hydrogen production rates in alkaline electrolysis. Previous studies have shown the existence of
an optimal electrolyte concentration that results in the highest rate of hydrogen production,
typically around 30 wt% at room temperature. Other studies have shown that applying a
magnetic field increases the conductivity of the electrolyte solution, which should increase the
rate of hydrogen production. If the magnetic field is oriented to result in an upward Lorentz
force, the resulting convection along with the Lorentz force encourages gas bubbles to dislodge
from the electrodes, which reduces resistance and increases the active area of the electrodes. In
this project, alkaline electrolysis was performed at room temperature using 1.8 V with KOH as
the electrolyte. The flow rate of the electrolyte solution was fixed at 50 cc/min, and the volume
of hydrogen produced was measured with a water displacement system. The electrolyte
concentration was varied between 5 wt% - 30 wt%. At each selected concentration level,
electrolysis was performed once without a magnet and once with a 1T magnetic field, created by
permanent magnets oriented to create an upward Lorentz force. The results showed that at each
concentration level, the magnetic field increased the rate of hydrogen production, with the largest
increase at 10 wt%. The optimal concentration was approximately 30 wt% with no magnetic
field, but with a 1 T magnetic field the optimal concentration was reduced to 10 wt%. Thus,
applying a magnetic field calls for a reduction in electrolyte concentration, which results in cost
savings, in addition to the benefit of a higher hydrogen production rate.

Keywords: Alkaline electrolysis, Hydrogen production, Magnetic field, Electrolyte
concentration, Gas bubbles
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Introduction
The use of renewable energies is growing in response to declining reserves of fossil fuels

and to the need for reducing carbon emissions associated with combustion of fossil fuels. Many
types of renewable energies have fluctuations in their energy supply, and a variety of energy
storage devices have been developed to address this issue. Hydrogen is a promising energy
carrier and is thought to be an essential component of a renewable energy future (Momirlan &
Veziroglu, 2005), particularly since energy extraction from hydrogen produces no carbon
emissions. As an energy carrier, hydrogen could improve the feasibility of renewable energy
sources by providing stored energy during periods of low production. However, the current
primary methods for hydrogen production make use of fossil fuels. Electrolysis, a lesser used
technology for hydrogen production, releases little to no carbon emissions when powered by
renewable energy sources, but its efficiency must be increased to make electrolysis more
competitive with fossil fuel methods. This project is an attempt to improve the rate of hydrogen

production in electrolysis by using a magnetic field.



1. Literature Review
1.1. Hydrogen as an Energy Carrier

Although hydrogen is abundant in nature, it rarely exists by itself and must be produced
from another energy source. As such, hydrogen is an energy carrier, and its stored energy can be
extracted when needed. A major advantage of hydrogen is that no greenhouse gas emissions
result from energy extraction. Energy can be extracted from hydrogen by combustion to produce
heat, with water and a small amount of nitrogen oxides as byproducts, or through fuel cells to
produce electricity, with water and heat as the only byproducts (Lewis, 2021). A variety of
hydrogen production technologies have been developed, but most hydrogen today is produced
using fossil fuels, resulting in emissions of CO, and CO (Godula-Jopek, 2015). Water
electrolysis, currently the secondary source of hydrogen production, uses electricity as the energy
source. If the electricity is sourced from renewables, the carbon emissions associated with
hydrogen production are minimal.

Although hydrogen has a higher energy content per unit mass than many energy sources,
its energy content per unit volume is smaller due to the low density of hydrogen. To reduce the
storage space, hydrogen is typically stored as either a compressed gas or as a cryogenic liquid,
both of which require additional energy input. The large energy requirement to achieve
cryogenic temperatures makes this option less efficient compared to storage as a compressed gas
(Chisholm & Cronin, 2022). Electrolysers can be designed to produce hydrogen in partially
compressed form with little additional energy expenditure, leaving a smaller amount of
compression to be completed post-production (Godula-Jopek, 2015).

Stored hydrogen has a variety of applications, the earliest of which involved

transportation, beginning in the 18" century with balloon travel. The first internal combustion
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vehicle was built in the early 19" century, with hydrogen and oxygen as the fuel source. In the
20" century, hydrogen began to be used as fuel for submarines and rockets, and the development

of the fuel cell led to cars fueled by hydrogen (Godula-Jopek, 2015).

1.2. Methods of Hydrogen Production

Nearly all hydrogen production today (~95%) is via methods using fossil fuels (Chisholm
& Cronin, 2022). One such method is steam methane reforming, in which hydrogen is separated
from hydrocarbon fuels through a reaction involving steam via the reaction

CH, + 2H,0 - CO, + 4H,.

Processes using fossil fuels emit CO. and CO, and hydrogen produced from such methods is
termed “grey hydrogen.” Water electrolysis accounts for the remaining 5% of hydrogen
production. In this method, electricity is applied to split water molecules, producing hydrogen as
the product and oxygen as a useful byproduct. If the electricity used to perform electrolysis is
derived from renewable sources, the product is termed “green hydrogen.” Electrolysis has the
advantage of producing higher purity hydrogen compared to steam reforming (Holladay et al.,
2009). Several additional technologies for producing hydrogen have been developed but are less
mature, including biomass gasification, thermochemical water splitting, and photoelectrolysis
(Holladay et al., 2009). Steam methane reforming is the technology used for most hydrogen
production today, primarily due to its lower cost. The energy requirement to produce hydrogen
from electrolysis is seven times higher compared to steam methane reforming (Grigoriev et al.,
2020) and the cost of electrolysis is approximately three times higher in units of US$/kWh
(Schoots et al., 2008). In an effort to reduce carbon emissions, alternative hydrogen production
methods, including electrolysis, are being explored to improve their efficiencies to make them

more competitive with steam reforming.
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1.3. Theory of Alkaline Electrolysis

Currently, three technologies exist for performing water electrolysis: alkaline, polymer
electrolyte (PEM), and solid oxide. All three have the same basic design consisting of an
electrolyser containing water in either liquid or gas phase, in which electrodes supply current that
splits water molecules into hydrogen and oxygen (Godula-Jopek, 2015). This study focuses on
alkaline electrolysis, in which an alkaline electrolyte is added to water to increase its
conductivity. Hydrogen is produced at the cathode and oxygen at the anode via the following
reactions:

Cathode: 4H,0 + 4e~ — 2H, + 40H~
Anode: 40H™ — 0, + 2H,0 + 4e~
Overall reaction: 2H,0 — 2H, + O,
A membrane is placed between the anode and cathode to allow hydroxide ions to pass through
and to keep the two product gases separated. It should be noted that fuel cells perform these
reactions in reverse, taking hydrogen and oxygen as input and producing electricity and water.

Alkaline electrolysers generally have lower cost compared to other electrolysis methods,
primarily due to less expensive materials. The electrodes in alkaline systems are normally nickel
or steel, whereas rare metals are often used in other types of systems (Schmidt et al., 2017).
However, the operating costs for all types of electrolysis, primarily due to the use of electricity,

are a major limiting factor.

1.4. Improving Efficiency

The efficiency of hydrogen production can be found by dividing the amount of energy

stored in the produced hydrogen by the amount of input energy (Godula-Jopek, 2015). Although
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the efficiency of electrolysis is similar to that of steam methane reforming (~80%), the efficiency
of producing the electricity required in electrolysis must be considered, effectively reducing the
efficiency of the electrolysis process. Electricity production typically has efficiency less than
60% (Suppes & Storvick, 2006). At standard temperatures, 1.23 V of electricity is required to
split a water molecule (Godula-Jopek, 2015). However, the applied voltage must be larger in
practice to account for energy losses, and the efficiency of electrolysis can be improved by
reducing these losses.

Several modifications to electrolysis systems have been studied as a means to reduce
energy losses. Efficiencies are improved at higher temperatures due to increased conductivity
and decreased voltage. However, high temperatures can decrease the stability of the electrolyser
and requires the use of pressurized equipment which is an additional expense (Godula-Jopek,
2015). Typical electrolytes used in alkaline electrolysis include potassium hydroxide (KOH) and
sodium hydroxide (NaOH). The preferred electrolyte is KOH because it has higher specific
conductivity, although it is more expensive than NaOH (Godula-Jopek, 2015). De Souza et al.
(2006) achieved improved efficiencies of hydrogen production by using certain ionic liquids as
electrolytes.

Several electrode materials have been tested for improving electrolysis performance.
Stainless steel and lead oxide are low cost materials that are resistant to corrosion, but lose
stability in alkaline solutions at high voltage. Nickel is now commonly used due to its corrosion
resistance, stability in alkaline solutions, and lower cost compared to many other viable metals.
Several nickel alloys have been tested to increase the active surface area and the electrocatalytic
activity (Godula-Jopek, 2015). Reducing the space between the electrodes generally improves

efficiency by reducing resistance (Nagai et al., 2003). To take advantage of this, “zero-gap”
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electrolysis cells are designed with the electrodes placed in contact with the membrane. In these
designs, the electrode material may be porous to allow the electrolyte to fill the membrane that

the electrodes would otherwise block (Godula-Jopek, 2015).

1.5. Impact of Electrolyte Concentration
The efficiency of alkaline electrolysis is generally improved at higher electrolyte
concentrations due to increased conductivity. However, the conductivity begins to decline at high
concentrations due to electrolyte hydration (Lin et al., 2012). The ideal concentrations depend on
the type of electrolyte and the operating temperature. For KOH and NaOH at 25°C, the optimal
concentrations are approximately 30 wt% and 20 wt%, respectively, and these increase at higher

temperatures (Godula-Jopek, 2015).

1.6. Impact of a Magnetic Field

During electrolysis, gas bubbles collect around the electrodes, which reduces the active
area of the electrodes and increases electrical resistance. Recent studies have investigated the use
of magnetic fields to manage gas bubbles and reduce energy losses. lida et al. (2007)
demonstrated that a magnetic field improves energy efficiency of alkaline electrolysis by
increasing mass transfer of ions which then promotes bubble movement, resulting in reduced cell
voltage at high current densities. Koza et al. (2011) showed that a magnetic field enhances
hydrogen production in an acid environment by promoting desorption of gas bubbles and
reduction of bubble size. Lin et al. (2012) established that electrodes made of ferromagnetic
materials yield the best results due to an internal magnetic field being induced by the external
magnetic field, and the resulting stronger field creates higher mass transfer that increases bubble
movement. The general consensus explaining improved efficiencies in the presence of a

magnetic field is the higher mass transfer of charged particles, hydroxide ions in particular,
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results in desorption of gas bubbles from the electrodes, thus decreasing resistance and
increasing the electrodes’ active area.

Lin et al. (2017) showed that a magnetic field increases the upward velocity of bubbles
when the magnetic field is oriented to produce an upward Lorentz force to enhance the upward

movement from the buoyancy force. The Lorentz force is given by

F=qE+qvxB 0
where g is the electric charge of the particles, E is the electric field, ¥ is the particle velocity, and
B is the magnetic flux density. Due to the cross-product term in (1), the magnitude of the
Lorentz force is maximized when B is perpendicular to the direction of the current. In addition,
the right-hand rule can be used to determine an appropriate orientation for B that results in an

upward Lorentz force while also keeping B perpendicular to the current flow.
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2. Materials and Methods

2.1. Research Objectives

The goal of this project is to analyze the combined effect of electrolyte concentration and
an applied magnetic field on the rate of hydrogen production in alkaline electrolysis. This study
builds on the work of Lin et al. (2012, 2017), which considered the impact of a magnetic field
and other working parameters on current density. Since the hydrogen production rate is
proportional to current, the results regarding current density should carry over to hydrogen
production. This project measures the impact of the selected parameters on the hydrogen
production rate directly by measuring the volume of hydrogen produced. These results will be
used to determine the optimal parameter combination for improving efficiency of this type of

system.

2.2. Equipment

A single cell alkaline electrolysis cell (model LBE-SC-F) was purchased from Light
Bridge, Inc. to test the impact of electrolyte concentrations and a magnetic field on the rate of
hydrogen production (Figure 1). The electrodes in the cell are made of nickel, a ferromagnetic
material. The equipment for the experiment is shown in Figure 2. A hydrostatic pump is used to
input the electrolyte solution into the cell, which is connected to a DC power supply. Hydrogen
mixed with electrolyte solution is output from one valve, and oxygen mixed with electrolyte
solution is output from a second valve. The oxygen/electrolyte solution is recirculated to the
electrolyte solution, where the oxygen bubbles out. The hydrogen/electrolyte solution is first
taken to a stoppered glass bottle to contain the liquid and allow the hydrogen to rise out of the
bottle through a second tube through the stopper. The hydrogen travels to a water displacement

system for measuring the volume of hydrogen produced. A magnetic field is supplied by
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permanent magnets, approximately 1 T, placed on either side of the electrolysis cell (Figure 3).
The magnets are placed perpendicular to the electrodes and oriented to produce an upward

Lorentz force. Detailed steps for conducting this experiment are provided in Appendix A.

Figure 1. Alkaline electrolysis cell: 200 mm x 100 mm x 27 mm

-

4 i

L 48
Figure 2. Lab equipment for performing electrolysis tests
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Figure 3. Placement of magnets near electrolysis cell. The magnetic field is perpendicular to the electrodes
and creates an upward Lorentz force.

2.3. Experimental Design

For each trial, the pump was set at 50 cc/min, and the DC power supply provided 1.8 V,
which are both recommended values from the manufacturer. The voltage 1.8 V was determined
by the manufacturer to be sufficiently above the minimum of 1.23 V to account for energy
losses. The system ran under atmospheric pressure at room temperature, and purified water at
room temperature was used. The selected electrolyte was KOH, which was set at four
concentration levels (wt%): 5%, 10%, 20%, and 30%. Electrolysis was performed at each of the
selected electrolyte concentration levels once without and once with a 1 T magnetic field. In each
trial, the system was allowed to run for 5 minutes for the hydrogen production rate to stabilize,
followed by a 15-minute period during which the hydrogen volume was measured. The measured
volume was then converted to standard temperature (298 K) and pressure (760 mmHg) and was

corrected for water vapor pressure as follows:
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Ppoas — Poy 298K
X
760 mmHg ~ Tmeas (2)

Vsta = Vimeas

where Vg, is the standardized volume, V},,.,s is the measured volume, B,,..s IS the measured
pressure, Tr,eqs 1S the measured temperature, and B,,,, is the water vapor pressure at the measured

temperature. These standardized volume measurements from (2) were then converted to

hydrogen production rates in units of L/h.
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The detailed results from each 15-minute trial are listed in Table I, and the standardized

hourly hydrogen production rates calculated from these results are plotted in Figure 4.

(@) No magpnetic field

Table I: Experimental results

Electrolyte Temperature Pressure Water vapor Measured Standardized
concentration (°C) (mm Hg) pressure volume (L) over | volume (L) over
(wt%) (mm Hg) 15 min 15 min
5% 24 618 22.4 0.50 0.39
10% 20 616 175 0.50 0.40
20% 21 616 18.7 0.56 0.45
30% 22 618 19.8 0.57 0.45

(b) With 1 T magnetic field
Electrolyte Temperature Pressure Water vapor Measured Standardized
concentration (°C) (mm Hg) pressure volume (L) over | volume (L) over
(wt%) (mm Hg) 15 min 15 min
5% 24 618 22.4 0.59 0.46
10% 23 618 21.1 0.68 0.54
20% 22 618 19.8 0.64 0.51
30% 23 618 21.1 0.58 0.46
—o—No magnet Magnet
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Figure 4. Volumetric flow rates of hydrogen
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4. Discussion
4.1. Analysis of Electrolysis with no Magnetic Field

As seen in Figure 4, with no magnetic field, the hydrogen production rate increased with
higher electrolyte concentrations, which was expected due to the increase in conductivity. The
hydrogen production rate grew by 2% when the concentration was increased from 5% to 10%, by
11% when the concentration was increased from 10% to 20%, and by 2% when the concentration
was increased from 20% to 30%. Alkaline electrolysis using KOH at room temperature generally
has the best performance at 30% concentration. The results in Figure 4 indicate that there was
very little gain in hydrogen production when the concentration increased from 20% to 30%, and

it is expected that the production rate would decrease at larger concentrations.

4.2. Impact of Applying a Magnetic Field

At each concentration level tested, the presence of a 1 T magnetic field increased the
hydrogen production rate. Table I1 lists the percentage increase by applying a magnetic field at
each concentration level. The magnetic field provides the largest benefit at 10% concentration,
and very little benefit is gained at 30% concentration. This can be explained by observing that
without a magnetic field, the current density peaks at approximately 30% concentration. Thus, a
solution at 30% concentration has less availability for increasing the current density when a
magnetic field is applied.

With the applied magnetic field, the largest hydrogen production rate occurs at 10%
concentration, so using a magnetic field allows for decreasing the amount of electrolyte to
optimize performance, thus reducing the cost of the electrolyte. The best hydrogen production

rate with no magnetic field is 1.81 L/h (at 30% concentration). In comparison, the best hydrogen
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production rate with the magnetic field is 2.15 L/h (at 10% concentration), an improvement of
19%.

Table II: Percentage increase in hydrogen production by applying a magnetic field

Percentage increase
Electrolyte from applying
concentration magnetic field
5% 18%
10% 34%
20% 14%
30% 1%

4.3. Electrolyte Cost

Applying a magnetic field reduces the cost of the electrolyte by two mechanisms. Firstly,
the higher rate of hydrogen production using equivalent rates of input electrolyte solution results
in a lower electrolyte cost per unit of hydrogen produced. Secondly, applying a magnetic field
calls for decreasing the concentration of electrolyte for optimal performance. The electrolyte cost
for producing 1 L of hydrogen are listed in Table I11, based on a price of $0.04 per gram KOH.
These costs were calculated based on the flow rate of the electrolyte solution (50 cc/min for all
trials), the electrolyte concentration, and the corresponding hydrogen production rate from this
study (Figure 1). At each concentration level, the cost decreases (or remains the same in the case
of 30% concentration) by applying a magnetic field, due to the increased rates of hydrogen
production. The cost of the electrolyte to produce 1 L of hydrogen for the optimal performance
of 30% concentration without a magnetic field and the optimal performance of 10%
concentration with a magnetic field is 2.8¢ and 0.6¢, respectively, corresponding to a decrease of

79%.



Table 111: Electrolyte cost to produce hydrogen

Electrolyte Hydrogen cost ($/L) | Hydrogen cost ($/L)
concentration No magnetic field With magnetic field
5% 0.004 0.003
10% 0.008 0.006
20% 0.017 0.015
30% 0.028 0.028

22
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5. Conclusions and Recommendations

5.1. Conclusions

This study investigated the combined impact of electrolyte concentration and an applied
magnetic field on the rate of hydrogen production in alkaline electrolysis. The experimental
results demonstrated that applying a magnetic field by placing magnets perpendicular to the
electrodes while holding a constant voltage increases the hydrogen production rate at all tested
electrolyte concentration levels. The percentage increase due to the magnetic field was largest at
the 10% concentration level, and the improvement was negligible at 30% concentration. Among
all parameter combinations tested, the best performance was attained with a magnetic field at
10% concentration. The corresponding hydrogen production rate was 19% higher than the best
performance among the trials with no magnetic field, which occurred at 30% concentration. The
cost of the electrolyte to produce 1 L of hydrogen was calculated for each selected parameter
combination, showing that the electrolyte cost decreases by 71% by using the optimal
concentration with a magnetic field (10%) rather than the optimal concentration without a
magnetic field (30%).

Electrolysis is a low carbon method for producing hydrogen when performed using
renewable energy and also produces high purity hydrogen which is needed for fuel cells. Thus,
electrolysis is an important technology for hydrogen production as the energy sector moves
towards decarbonization. Improving the efficiency of hydrogen production in electrolysis is

essential for making electrolysis competitive with fossil fuel methods of producing hydrogen.

5.2. Recommendations

The primary recommendation resulting from this study is the application of a magnetic

field during alkaline electrolysis, which increases the rate of hydrogen production while calling
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for a reduction in electrolyte concentration to optimize the performance. For the 1 T magnetic
field used in this study, the optimal electrolyte concentration was 10%. This value may change
under different strengths of the magnetic field and type of electrolyte used, so the optimal
concentration should be identified by testing using the particular equipment and magnets.
Immediate future work following this project is to perform multiple replicates to verify
the results. In addition, the oxygen produced during electrolysis could be measured to verify the
measured hydrogen and oxygen volumes are in the proper stoichiometric ratio, which would help
validate the volume measurements. A variety of operating parameters could be further examined
to quantify their impact when combined with a magnetic field on the rate of hydrogen
production. Some parameters that could be tested on the equipment used in this project include
cell voltage, electrolyte solution flow rate, and temperature. Recent interest in using local water
in a former open pit mine, the Berkeley Pit, for electrolysis suggests further studies on this water
source. This water must be treated because electrolysis requires highly purified water, so
different water purification methods could be performed on these samples, including
deionization, distillation, and double distillation, before performing electrolysis. Another
possible study is to apply magnets with varying levels of magnetic field strengths to determine
the optimal strength for hydrogen production. Since electricity is the primary operating cost in
electrolysis (Kaninski et al., 2006), additional analysis could be performed on the electricity cost
savings by using a magnetic field. To perform this analysis, the current would need to be
measured in addition to the voltage during each trial, from which the electrical power and cost of

electricity could be computed.
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7. Appendix A: Detailed Steps of the Experiment

Obtain a peristaltic pump and attach tubing. This will pump the electrolyte solution from

a container into the electrolyser. Place the suction side tubing in the electrolyte container

and connect the pressure side tubing to the two input valves on the electrolyser.

Run the tubing from the hydrogen and oxygen output valves to the chosen collection

device.

o

For hydrogen, run the hydrogen output tube into a stoppered bottle through a hole
in the stopper. Place another tube in a second hole in the stopper, and this tube
should run to the hydrogen collection device, as the hydrogen will rise out of the
stoppered bottle, now with the liquid separated out.

If oxygen is not being collected, this tube may be placed to discharge back into
the container with the electrolyte solution.

If oxygen is being collected, use a system similar to the hydrogen collection

method described above.

Prepare the water displacement system for measuring gas volume (either hydrogen or

oxygen)

(@]

o

Fill a wide container partially with water.

Fill a large cylinder with water. This cylinder should be sufficiently large to
measure the expected volume of gas to be produced. Invert this cylinder so it sits
in the bath water, spilling as little water as possible when inverting.

Obtain an “L-shaped glass tube in which the gas output tube will be placed. The
glass tube will be placed in the water bath to direct the gas output tube into the

inverted cylinder.

Prepare the electrolyte solution at the desired concentration and place in the container to

be pumped into the electrolyser.

If using magnets, place the magnets in the desired position.

Obtain

a DC power supply and place near the electrolyser. Turn the power supply on and

set at the desired voltage. Connect the positive terminal to the electrode near the

hydrogen production output valve on the electrolyser and connect the negative terminal to

the electrode near the oxygen production output valve on the electrolyser.
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e Turn the pump on and set to the desired flow rate. The flow rate may need to be set
higher initially to provide sufficient suction to draw the water, but then can be reduced to
the desired level.

e Allow the system to run for several minutes to stabilize. Then place the “L”-shaped glass
tube containing the gas output valve into the inverted cylinder to begin measuring the
volume of gas produced. Record the water volume level before and after the experiment
to determine the volume of gas produced over the measured period of time.



	INCREASING HYDROGEN PRODUCTION IN ELECTROLYSIS WITH A MAGNETIC FIELD
	tmp.1658159678.pdf.CLCYG

