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ABSTRACT
Hydrogen is considered a promising energy carrier for a sustainable future when it is produced by
utilizing renewable energy. Nowadays, less than 4% of hydrogen production is based on electrolysis
processes. Each component of a hydrogen energy system needs to be optimized to increase the operation
time and system efficiency. Only in this way hydrogen produced by electrolysis processes can be
competitive with the conventional fossil energy sources.

As conventional electrolysers are designed for operation at fixed process conditions, the implementation
of fluctuating and highly intermittent renewable energy is challenging. Alkaline water electrolysis is a
key technology for large-scale hydrogen production powered by renewable energy. At low power
availability, conventional alkaline water electrolysers show a limited part-load range due to an increased
gas impurity. Explosive mixtures of hydrogen and oxygen must be prevented; thus, a safety shutdown
is performed when reaching specific gas contamination.

The University of Pisa is setting up a dedicated laboratory, including a 40-kW commercial alkaline
electrolyser: the focus of the study is to analyze the safety of the electrolyser, together with its
performance and the real energy efficiency, analyzing its operational data collected under different
operating conditions affected by the unstable energy supply.

1. INTRODUCTION

Hydrogen is expected to play an important role as an energy carrier for the future of energy systems,
especially when it is produced with renewable energy [1-5]. Only 4% of current hydrogen production
is done using electrolysis due to the high cost of the process; the rest is obtained from fossil fuels (i.e.
48% via steam reforming of natural gas, 30% via petroleum fraction, and 18% via coal gasification) [6],
[71, releasing about 830 million tons of carbon dioxide per year, according to the recent report prepared
by the International Energy Agency (IEA) [8] for the G20 meeting in Japan.

To reduce CO; emissions and to become independent of fossil energy carriers, the share of hydrogen
produced using renewable power sources needs to be increased significantly in the next few decades.
Therefore, water electrolysis is a key technology for splitting water into hydrogen and oxygen by using
renewable energy. Since solar and wind energy distribution is the most widespread, they are the
preferred renewable power sources for hydrogen production; coupling water electrolysis with renewable
energy can bring to particular advantages, since the exceeding electrical energy produced can be stored
in hydrogen, balancing the discrepancy between energy demand and production [9-11]. The main issue
with the use of renewable energy is the unsteady distributed and intermittent local availability [10].

There are three different technologies for water electrolysis: alkaline water electrolysis (AEL), proton
exchange membrane (or polymer electrolyte membrane) electrolysis (PEM), and solid oxide electrolysis
(SOEL) [12-14]; the first two are at low temperature and a well-established technology, while the last
one adopts an high temperature technology and it is still in a development stage [15]. Often, PEM
systems are preferred for dynamic operation due to the short start-up time and a broad load flexibility
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range (e.g. automatic application), while alkaline water electrolysis are mainly used for static application
[16], [17]. Alkaline water electrolysis uses concentrated lye as an electrolyte and requires a gas-
impermeable separator to prevent the product gases from mixing. The electrodes consist of non-noble
metals like nickel with an electrocatalytic coating.

When an alkaline water electrolysis is coupled with fluctuating renewable energy (e.g. solar or wind
farms), it has to be analyzed how a dynamic system will affect the whole operation: alkaline water
electrolysis must to be optimized for dynamic operation when used together with renewable energy
sourced in order to guarantee safety and high efficiency.

The University of Pisa, in particular the Department of Energy, Systems, Territory and Construction
Engineering, is setting up a laboratory to measure the hydrogen quality and safety of an alkaline
electrolyser when coupled with an un-steady power supply (e.g. due to a renewable source input).

2. ALKALINE WATER ELECTROLYSIS

Alkaline water electrolysis is used to split water into the gases hydrogen and oxygen using electric
energy. The principle of the alkaline water electrolysis is quite simple. Oxygen and hydrogen are
separated from the water when the direct current is applied to the water, as shown in the following
equations:

Cathode: 2 HZO(l) + 2e” - Hz(g) + 2 OH(_aq) (1)
Anode: 2 OH(_aq) - 0.5 Oz(g) + HZO(l) + 2e” (2)
Overall reaction: H,0(;y = Hy(g) + 0.5 Oy 3)

At the cathode, water molecules are reduced by electrons to hydrogen and negatively charged hydroxide
ions. At the anode, hydroxide ions are oxidized to oxygen and water while releasing electrons. Overall,
a water molecule reacts to hydrogen and oxygen in the ratio of 2:1.

2.1 Cell design

The design of the electrolysis stack depends on the manufacturer; however, some general similarities
can be observed. Usually alkaline electrolysers contain demi water solution and 25%-30% of potassium
hydroxide (KOH); for small size alkaline electrolysers, KOH is sometimes replaced by sodium
hydroxide (NaOH). The liquid electrolyte allows ions to be transported between the electrodes and is
not consumed in the chemical reaction, but is periodically supplied depending on the losses in the
system.

During the electrolysis, hydrogen is produced in cathodic chambers, while oxygen is produced in the
anodic chambers, as represented in Figure 1.
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Figure 1. Water electrolysis schematic diagram

The main function of the diaphragm, placed between the two electrolytic chambers is to avoid the
mixture of the two gases.

2.2 Gas purity

Gas purity is an important criterion of alkaline water electrolysis. The produced hydrogen typically has
a purity higher than 99.8 vol.% (without additional purification), [18]. Hydrogen has a very broad
flammability range: 4% to 75% concentration in air and 4% to 94% in oxygen; therefore, keeping air or
oxygen from mixing with hydrogen inside confined spaces is very important. Also, it requires only 0.02
millijoules of energy to ignite the hydrogen—air mixture, which is less than 7 percent of the energy
needed to ignite natural gas. Technical safety limits for an emergency shutdown of the whole electrolyser
system are at a level of 2 vol.% [19], [12]; that limit is also required by technical standard [20]: the
electrolysis process must be stopped at the fulfilment of 2% of H, mixed with O, (i.e. 50% of lower
explosive limit at atmospheric pressure) and 1.6% of O, mixed with H; (i.e. 98.4% of H,, which is 4.4
percentage points above the upper explosive limit of hydrogen at atmospheric pressure) regardless to
temperature and pressure values.

The hydrogen generated by an electrolyser contains a certain amount of oxygen (OTH), whilst the
oxygen generated contains a certain amount of hydrogen (HTO). By measuring these impurities, it is
possible to determine with sufficient accuracy the purity of the gases generated by the alkaline
electrolyser, as well as the amount of hydrogen and oxygen escaping through the diaphragms and
electrolyte pathways. HTO in relation to temperature and for an operating pressure of 25 bar, and in
relation to pressure and for an operating temperature of 65° C are studied in [18] and reported in Figure
2 (left hand side and right hand side respectively).

The results show an increase in HTO as the current decreases. This is due to a reduction in the process
gas flow rate and, therefore, to an increase in the time the gases remain in the electrolysis cells. The
hydrogen molecules produced at the electrodes join up more slowly to form bubbles and, consequently,
the molecules are held inside the cell for a longer period of time, thereby contributing to the increase in
the hydrogen diffusion rate through the diaphragms. Likewise, the HTO trend is exponential with the
decrease in current, being more significant at high operating temperatures and pressures. This
exponential trend is associated with a considerable decrease in the production of hydrogen at low
currents due to the parasitic currents through the electrolyser stack. The left graph in Figure 2 shows an
increase in HTO as the temperature increases, with a quasi-linear trend for each current. For example,
for the 120 A current, the HTO is shown to be 80% greater at 65° C (0.27 vol.%) compared to 35° C
(0.15 vol.%). Making this same comparison for 40 A, the HTO is 115% greater at 65° C (1.72 vol.%)
compared to 35° C (0.8 vol.%). The temperature increase in the electrolysis stack leads to an increase
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in the diffusion rate for the small gas bubbles through the diaphragms. When the process temperature
increases, the thermal energy available in the system also increases and the particles, including the gases,
increase their mobility.

Pressure is an even greater determining factor for HTO than temperature. As shown in the right graph
in Figure 2, as the pressure increases, the HTO value for each current level increased quasi-
proportionally. For example, when the operating pressure is 5 bar, the HTO value for 40 A is 0.36 vol.%,
whilst for a pressure of 25 bar and the same current level, it is approximately 4.8 times greater, that is
1.72 vol.%. For 120 A, the HTO is 4.5 times greater at 25 bar (0.27 vol.%) compared to 5 bar (0.06
vol.%). The decrease in the volume of the gas bubbles generated in the electrolysis module is practically
inversely proportional to the pressure increase. This decrease in the size of the bubbles leads to a greater
migration of hydrogen through the electrolyte pathways and diaphragm pores.

Operating pressure: 25 bar Operating temperature: 65° C
18 1.8
16 16 —5 bar
—__3co
14 35°C 14 10 bar
45°C 15 bar

w12 550 C 12 20 bar
5 10 65°C B 10 25 bar
= 2,
o 08 o 0.8
= =
I e T 06

0.4 0.4

02 02 \

0.0 0.0

40 60 80 100 120 40 60 80 100 120
Current [A] Current [A]

Figure 2. Hydrogen transferred to the oxygen flow (HTQO) in relation to temperature and for an
operating pressure of 25 bar (left), and in relation to pressure and for an operating temperature of 65°
C (right). The current, temperature and pressure ranges are the ones analysed in the experiment
performed in [18].

OTH trends with current, temperature and pressure are equivalent to the HTO ones analysed above.
However, comparing the HTO values obtained with those for the OTH for each current, temperature
and pressure level, it can be seen that the HTO is 10-30 times greater than the OTH (for small size
alkaline electrolysers HTO is usually 3-7 times greater than the OTH). Such high differences are
attributable to the fact that the hydrogen molecules, in addition to being lighter than the other elements,
are also smaller and therefore have a greater fugacity and diffusivity through the electrolyte pathways
and stack cell diaphragms, compared to oxygen.

The analysis of the influence of current, temperature and pressure on the HTO and OTH has revealed a
number of interesting points, such as the best operating conditions to minimise HTO and OTH are
basically those in which the electrolyser is operating at a low pressures and high currents.

Anodic gas impurities for alkaline water electrolysis are also experimentally determined for different
operation mode in [21]: the experiments confirm the lower is the pressure level, the lower is the gas
impurities.

3. MAIN CURRENT SAFETY AND TECHNICAL REGULATIONS FOR ELECTROLYSIS
AND RELEVANT HAZARDS IDENTIFICATION

All the devices relevant for hydrogen production must to be complied with ATEX directives [6]; the
directive defines the essential health and safety requirements and conformity assessment procedures, to
be applied before products are placed on the EU market. In particular, such directive covers equipment
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and protective systems intended for use in potentially explosive atmospheres. The explosive atmosphere
is defined as a mixture of air with dangerous substances in the form of gases, vapour, mist or dust; after
ignition has occurred, combustion spreads to the entire unburned mixture.

Other CE marking Directives relevant for hydrogen production are the Pressure Equipment Directive,
(PED) [22], the Machinery Directive [23], the Low Voltage Directive [24] and the Electromagnetic
Compatibility Directive [25].

The relevant Standard document is the 1SO 22734 (Hydrogen generators using water electrolysis) [20]:
it defines the construction, safety, and performance requirements of modular or factory-matched
hydrogen gas generators, using electrochemical reactions to electrolyse water to produce hydrogen.

Most recently, the Fuel Cell and Hydrogen Joint Undertaking (FCH JU), with the support of the
European Hydrogen Safety Panel (EHSP), organized a workshop focused on the safety aspects of
electrolysis technology. The main outcomes are reported in [26]. A typical cause of fires and explosion
in alkaline chlorine electrolysis is the accidental creation and ignition of flammable gaseous mixtures
(hydrogen-chlorine, hydrogen-air/oxygen).

The hazards generally addressed in electrolysis are small leaks due to imperfect sealing, impurities,
cross-over (in particular oxygen into hydrogen product), accumulations of flammable inventory in the
phase separators, and thermal stresses.

In the recent accident (2019) at the alkaline electrolyser in Gangneung, Korea, the introduction of
hydrogen into the oxygen stream was not caused by membrane perforation, but gases cross-over under
low power operating conditions [27]. Such cross-over was not detected and the typical catalytic oxygen
removal system was not installed; an explosive mixture of hydrogen and oxygen formed in the hydrogen
storage containers was ignited by an unknown source.

4. RENEWABLE POWER INPUT DATA

When coupled with renewable sources, the electrolyser is subject to a continuously fluctuating and
intermittent power input. This leads the electrolyser to operate in part-load favouring gas impurities and
the risk of reaching hazardous conditions.

In order to simulate the dynamic behaviour, a variable power data series reproducing the renewable
power must be given as input to the electrolyser.

Annual 5-min wind speed data of a windy site were taken from the NREL Wind Prospector web site
[28]. A site with an average wind speed of about 6 m/s at 100 m of height and a Weibull shape parameter
of 2 was chosen since these are typical values for wind farms. The wind speed distribution of the site is
shown in Figure 3 (left). The wind speed variation for a site is usually described using the Weibull
distribution which is the probability density function of the wind speed. The integral of this function
over a speed interval represents the probability of having a wind speed within that range. Therefore, the
area under the whole curve is exactly 1.

Wind turbines manufacturers provide the power curve, a graph that describes the relationship between
wind speed and turbine electrical power output. Wind turbines are usually designed to start running at a
wind speed, called cut-in speed (v,;), of around 3-5 m/s. The generated power reaches the rated power
at rated speed. At cut-off speed (v.,), the turbine is stopped in order to avoid damaging the turbine and
the surroundings.

From the wind speed data series, the wind power was calculated assuming a turbine power curve fitted
and scaled from [29] and expressed as function of the wind speed (v,,) by:
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where Pyt nom IS the wind turbine rated power; v = 3 m/s, v, =25 m/s and v, =11 m/s are the cut-
in, cut-off and rated speeds, respectively.

The resulting wind power distribution for the chosen site is shown in Figure 3 (right). The y-axis
indicates the percentage of time in a whole year in which the wind power is between each bar range.
The red bar indicates the percentage of time in the year in which the turbine is stopped because the wind
speed is below the cut-in speed or over the cut-off speed.
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Figure 3. Wind speed distribution (left) and wind power distribution (right).

Similarly, 5-min Photovoltaic (PV) power series were taken from [30] and scaled so that the PV nominal
power matched the electrolyser nominal power. A site located in the New York state (USA) was chosen
since it is characterized by seasonal power variability (Figure 4). The PV power distribution of the
selected data is shown in Figure 4 (right). The red bar indicates the percentage of time in the year in
which the PV plant is not producing energy.
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Figure 4. PV power vs time (left) and annual PV power distribution (right).



The wind and PV nominal power were set equal to the electrolyser nominal power. The electrolyser
must work in a power range of 20-100% nominal power [31] to avoid safety issues. In fact, at lower
powers, the lower currents lead to higher HTO and, consequently, to possible explosive atmospheres in
the stack as shown in Figure 2. Therefore, the electrolyser power input was set equal to the renewable
wind/PV power whenever the operating power limits are respected, and equal to zero (the electrolyser
is shut down) if the renewable power is lower than the minimum allowed electrolyser power set at 20%
of the nominal power. As a result, two electrolyser annual power input profiles were obtained
respectively for the cases of wind and solar PV sources. As shown in Figure 5, the electrolyser power
input follows the renewable power when possible and therefore, it is characterized by a high variability
and frequent on-off.
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Figure 5. Wind/solar- and electrolyser- power vs time.

5. EXPERIMENTAL SET-UP

5.1 Hydrogen production

The selected hydrogen generation unit is a Piel M by McPhy; it is an alkaline electrolyser and it is
designed to provide hydrogen at rated capacity up to 4.4 Nm3/h @ 2 barg (0.40 kg/h). The key features
of the electrolyser are reported in Table 1.

Table 1. Electrolyser key features

Hydrogen production rate 4.4 Nm3/h

Oxygen production rate 2.2 Nmd/h

Hydrogen delivery pressure | 2.0 barg

Hydrogen delivery quality 99.5% + 0.3% dry basis

The electrolysis stacks produce hydrogen and oxygen based on an electrolytic process, using electricity
as energy source. To produce 1 Nms3 of hydrogen, 3.55 kWh of electrical energy would be needed on a
theoretical basis. However, due to the energy losses of the real process, at beginning of life at the stack
level about 5.3 kWh of electric energy are required per Nm?3 of H..

For safety reason, the unit can produce a hydrogen flowrate included in the range 25+100 % of nominal
flowrate. The unit includes all the equipment for a safe production of hydrogen at controlled pressure.
In case of failure or lack of some service or utilities, a procedure of shutdown of the electrolyser starts
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in a safe and controlled way: the current to the stack is set to zero and a procedure of depressurization
is triggered.

The electrolyte, an aqueous alkaline solution with hydroxide compound, flows through the electrolysis
stacks, where the electrolysis takes place. During the electrolysis, hydrogen appears in the cathodic
chambers (hydrogen side of the separation membranes), as well as oxygen in the anodic chambers
(oxygen side of the membranes). The purpose of the separation membranes placed between the
electrolytic chambers is avoiding the mixture of the two gases. Immediately afterwards, the electrolyte
containing hydrogen and the one containing oxygen flow toward the separator vessels. The temperature
of the electrolyte containing hydrogen is monitored and a shutdown procedure is trigged when
electrolyte temperature reaches 80 °C.

Inside the separation vessels, both the H, and O, bubbles are separated from the electrolyte. The volume
of the generated hydrogen is twice the volume of the oxygen, in accordance to the theoretical equation
(3). Both vessels are interconnected by a tube, in order to equalize the fluid level on both sides. The
level is measured by two level sensors (one located in each vessel). The vessel liquid level is regulated
to prevent emptying or overfilling.

The temperature of the electrolyte at the inlet of the electrolysis stacks is regulated by means of a thermal
sensor and a temperature transmitter. The operative pressure of the electrolysis unit is set to 2 barg. The
pressure transmitter controls the pressure inside the system by varying the power supply to the
electrolysis stacks. When reaching a pressure over 2.5 barg the current is stopped and the plant enters in
stand-by mode; when the pressure exceeds that limit a shutdown procedure will occur. There are two
additional pressure switches to stop the system at very high pressure (i.e. 5 barg): two pressure safety
valves release hydrogen or oxygen to the dedicated vent lines respectively.

5.2 Laboratory layout

The main components of the laboratory are reported in Figure 6. The laboratory is provided with two
vents: the inlet vent is located close to the floor, while the outlet vent is located close to ceiling [32]; for
guarantying the forced ventilation the outlet vent is equipped with a fan (ATEX [33] zone 2 certified)
able to suck an adequate air change per hour, according to the electrolyser supplier requirements.

An ambient hydrogen sensor will be installed in the room for safety reason: the system is shut down
when the safety limit of 0.4% of hydrogen in air is reached; this corresponds to the 10% of the lower
flammable limit of H in O, [20]. An important consideration is to understand where the sensor will be
located, in order to increase the possibility to detect hydrogen, independently from the possible leak
location, direction and orientation. For that reason, is important to predict the air flow inside the
laboratory, considering the air circulation (due to the forced ventilation) and the presence of the
obstacles. According to [34], the sensor has to be located not on a direct path of the airflow from the
inlet vent to the outlet vent; a possible location is below the enclosure ceiling, but not in the proximity
of obstacles (e.g. ceiling piping and lighting). An accurate prediction of hydrogen concentrations
distribution requires an understanding of hydrogen behaviour inside the enclosure, which it might
require the use of validated models; to address that issue, a possible Computational Fluid Dynamic
(CFD) analysis of the hydrogen dispersion inside the laboratory is under consideration.

The electrolyser is fed with demineralized water. Before entering the electrolyser, the water temperature
is controlled and measured (Tin); the mass flow rate is also measured at the inlet of the electrolyser
(MFn). A power control unit allows to modify the power input in order to simulate a fluctuating and
intermittent power input due to the coupling with a renewable source (see paragraph 4).

The temperature and mass flow rate are measured at the exit of the electrolyser both at the hydrogen
(Th2 and MFy2) and oxygen (To2 and MFo;) lines.



The hydrogen stream will be analyzed with an on-line gas quality analyzer (H. quality) for quantifying
the hydrogen quality, identifying the presence of impurities, in accordance with [35]. The presence of
hydrogen in oxygen will be measured thanks to a sensor on the oxygen line.

The electrolyser gas line outlets are equipped with additional filter in order to preserve the integrity of
the instrumentations: the H, and the O, are not completely dry, and may have some traces of NaOH.
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Figure 6. Scheme of the laboratory.

5.3 Future experimental activities

Firstly, polarization curve tests will be conducted in order to determine the change in the stack voltage
with the variation in the supplied current under steady-state conditions at constant reference temperature
and pressure. This test is carried out in galvanostatic mode by measuring the voltage imposing a
continuous increase (ascending mode) / decrease (descending mode) of current density at a specific rate.

The electrolyser will then be tested under dynamic protocols consisting of potential sweeping with
different with short holds to simulate alternating power operation. Furthermore, the electrolyser will be
tested under a variable input power that simulates the renewable power assigned by the power control.
During the tests, inlet and outlet flow rates, hydrogen impurities and HTO in the oxygen stream will be
measured. The aim of the tests is to evaluate the effects of the dynamic operation on the hydrogen quality
and possible safety issues.

6. CONCLUSION

At the Department of Energy, Systems, Territory and Construction Engineering of the University of
Pisa, a dedicated laboratory is under development to measure the hydrogen quality of an alkaline
9



electrolyser when coupled with fluctuating renewable energy (e.g. solar or wind farms); also, the safety
related issue will be analyzed.

In this paper the tentative laboratory layout is presented together with the planned future activities;
mainly, two types of experiments are foreseen, using polarized curves to test the variation in the stack
voltage and dynamic protocol to simulate alternating power operation. The first results are expected by
the end of 2021.
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