
Academic Editor: Frede Blaabjerg

Received: 30 April 2025

Revised: 22 May 2025

Accepted: 27 May 2025

Published: 29 May 2025

Citation: Pilati, P.; Ferrari, F.;

Alleori, R.; Falcetelli, F.; Ancona, M.A.;

Melino, F.; Bianchi, M.; Ricco, M.

Experimental Analysis on a

Commercial Power Electronic

Converter in Power-to-Hydrogen

System Based on PEM Electrolysis and

Metal Hydrides. Energies 2025, 18,

2831. https://doi.org/10.3390/

en18112831

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Experimental Analysis on a Commercial Power Electronic
Converter in Power-to-Hydrogen System Based on PEM
Electrolysis and Metal Hydrides
Paolo Pilati 1 , Federico Ferrari 2 , Riccardo Alleori 3 , Francesco Falcetelli 2 , Maria Alessandra Ancona 2 ,
Francesco Melino 2 , Michele Bianchi 2 and Mattia Ricco 1,*

1 Department of Electrical, Electronic and Information Engineering (DEI), Alma Mater Studiorum
Università di Bologna, Viale del Risorgimento 2, 40136 Bologna, Italy; paolo.pilati3@unibo.it

2 Department of Industrial Engineering (DIN), Alma Mater Studiorum Università di Bologna, Viale del
Risorgimento 2, 40136 Bologna, Italy; federico.ferrari28@unibo.it (F.F.); francesco.falcetelli@unibo.it (F.F.);
maria.ancona2@unibo.it (M.A.A.); francesco.melino@unibo.it (F.M.); michele.bianchi@unibo.it (M.B.)

3 Inter-Departmental Center for Industrial Research on Renewable Sources, Environment, Sea and Energy
(CIRI–FRAME), Alma Mater Studiorum Università di Bologna, Via Zamboni 33, 40131 Bologna, Italy;
riccardo.alleori2@unibo.it

* Correspondence: mattia.ricco@unibo.it; Tel.: +39-051-209-3591

Abstract: As the presence of renewable energy production grows, so does the need to
find alternative solutions for long–term energy storage. One solution may be hydrogen,
and more generally, power-to-gas systems, which could allow energy storage for longer
periods than batteries. However, the problem of hydrogen storage remains a limitation
to the deployment of this technology. A possible solution for the hydrogen storage could
be metal hydrides. In this work, a power-to-gas system based on a 2.5 kW commercial
electrolyzer coupled to a pair of AB2-type metal hydride cylinders with a total volume of
4 L is studied. A special focus is placed on the electrolyzer power converter. In particular,
the current ripple generated on the side connected to the stack and the efficiency of the
converter are studied. A series of tests are carried out to verify the behavior of the system
with varying types of thermal conditioning of the hydrides. The results show that the
converter used is not optimized for the chosen application, and the thermal conditioning
influences the hydrogen adsorption rate and thus the electrolyzer’s behavior. Finally, a
technique to operate the system at maximum efficiency is proposed.

Keywords: hydrogen; power electronics; PEM electrolyzer; AC/DC converter; efficiency;
metal hydrides

1. Introduction
Fossil fuels are currently the primary energy resource behind any human activity.

However, their intensive use leads to various negative effects, including air pollution,
stratospheric ozone depletion, and global warming, which leads to climate change [1]. In
this context, hydrogen has attracted the attention of the scientific community, industry,
and policy makers in recent years because it can be used both as an energy carrier to store
renewable energy and as a fuel to decarbonize hard-to-abate industrial processes [2,3].
Nowadays, hydrogen is mainly produced starting from fossil fuels [4]. In these cases,
the process leads to climate-changing emissions. The currently most widely used tech-
nique to produce hydrogen in a sustainable manner is renewable-electricity-powered
electrolysis [5,6]. Electrolysis is a non-spontaneous chemical reaction that takes place
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thanks to the input of electrical energy; the conversion of electrical energy into chemical
energy therefore takes place. It is used in many industries, from the production of alu-
minum [7] to the production of chlorine. In this study, the electrolysis reaction of water, the
products of which are oxygen and hydrogen, is considered. Hydrogen production through
water electrolysis is a well-established technology, with industrial-scale systems exceeding
100 MW installed as early as the first half of the twentieth century. As reported by the
International Energy Agency (IEA), the global installed capacity for water electrolysis is
expected to reach approximately 5 GW by 2024 [4]. According to IEA data, around 71%
of the global operational capacity utilizes alkaline electrolysis, while 20% relies on proton
exchange membrane (PEM) electrolysis. This is because alkaline technology is the more ma-
ture and economical option of the two [8]. The interest in the use of PEM-type electrolyzers
can be attributed to their ability to respond more quickly to changes in load demand than
alkalines [9,10]. This makes them more suitable for uses connected to renewable energy
sources, where production can vary rapidly. However, both alkaline and PEM electrolysis
are classified as mature technologies and have reached commercial operation in relevant
environments in line with IEA standards [11]. Despite advancements in electrolysis tech-
nologies, a major barrier to the widespread adoption of hydrogen as an alternative fuel
remains its storage. There are mainly three possibilities for storing hydrogen used or under
study: in a compressed gaseous, liquid, and solid state within chemical compounds such as
metal hydrides (MHs). Regarding compressed hydrogen, it is the most mature technology
among those listed above. Currently, the most advanced technology available on the market
employs cylinders able to allow pressures of up to 800 bar [12]. Such high pressures pose
problems concerning safety and the risk of explosion. It is also possible to store hydrogen
in a liquid state using cryogenic systems operating at temperatures below −253 ◦C. In this
way, even higher concentrations per unit volume can be achieved than with compressed
hydrogen. However, boil-off phenomena associated with the evaporation of hydrogen from
tanks must be carefully managed to prevent excessive pressure buildup. This could lead
to unwanted hydrogen venting once the maximum tank pressure is reached [13,14]. The
last type of storage technology mentioned concerns MHs. Compared to the other storage
methods already discussed, they offer some important advantages in terms of safety and
performance. These allow high volumetric energy densities, even higher than those of
liquid hydrogen [15], while operating at relatively low pressures. Nevertheless, high oper-
ating temperatures are often required to achieve high energy release efficiency. This is a
condition that can prove particularly energy intensive [16,17]. A further problematic aspect
of this storage technology is its weight, as it is based on metal powders. This currently
limits this technology for stationary use.

In practical operating conditions, hydrogen is generated and delivered to the storage
system at flow rates that vary based on the available power and the electrolyzer’s control
strategy. Currently, most applications are connected to the grid for hydrogen production
as a raw material, and therefore the electrolyser is operated at a fixed set point. In the
future, however, to also perform grid-balancing services, it could also be operated more
intermittently [18]. Under these circumstances, analyzing the system’s dynamic response
becomes essential for developing an effective optimization approach. Extensive research
is being conducted on various key aspects of PEM electrolyzers’ operation. One of the
most explored areas is the numerical modeling of the stack [19], the core component
where water electrolysis occurs. Given that these electrolyzers are often designed to be
integrated with renewable energy sources (RESs), several models have been developed
to accurately simulate the stack’s dynamic behavior [20]. Given that the electrolyzer
is designed to operate in conjunction with RESs, the integration of a power electronic
converter is almost mandatory. A direct coupling of an RES to an electrolyzer, although
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cost-saving, can lead to both operating at a suboptimal point [21–23]. Power electronics,
depending on the converter topologies and logics implemented, allow direct control over
the system, optimizing production [24,25]. Consequently, this paper focuses on a specific
issue associated with the use of power electronics to supply the stack: the current ripple.
This phenomenon, inherently introduced by power electronic converters, manifests as
fluctuations in voltage or current around their intended average value. The amplitude and
frequency of these oscillations depend on the converter’s design parameters and the control
strategies implemented. Typically, it is desirable to limit the ripple within a predefined
threshold to ensure stable and efficient operation. The current ripple appears to have a
degrading effect on the polymer membrane of PEM electrolyzers, and more generally on
PEM cells [26–29]. This is because fluctuations in the current cause fluctuations in the flow
rates of the reagents, which can lead to mechanical stress on the membrane. Some studies
have already investigated the phenomenon in more detail. In [30], the ripple effects were
analysed over a 100 Hz to 10 kHz frequency range. Experimental tests showed that ripple
at low frequencies (100 Hz) leads to premature cell aging compared to cases at higher
frequencies. The authors in [31] conducted aging tests on PEM fuel cells with high ripple
frequencies (20 kHz) and concluded that these frequencies do not significantly impact cell
aging. In [32], the impact of ripple was analyzed in terms of both membrane lifespan and
efficiency. Tests conducted with low-frequency ripple (50–400 Hz) revealed a decline in
both the membrane’s durability and its performance. In [33], the effects of current ripple on
the efficiency of the electrolyzer were tested. A reduction in efficiency was found for ripple
with a frequency in the order of a few hundred Hz, regardless of the ripple waveform.
An increase in ripple amplitude, on the other hand, always leads to a deterioration in
performance. In [34], the authors tested the ripple effects over a frequency range from
10 kHz to 50 kHz, with the ripple amplitude also being varied for each frequency. The
tests carried out showed a deterioration in cell performance, with a reduction in output
voltage, for all frequencies as the ripple amplitude increased. This phenomenon is most
evident at the lowest of the frequencies considered (10 kHz). Some studies have tried to
model the mechanisms of ageing due to ripple [35], but the literature on the subject is
currently focused solely on fuel cells. To summarize, a converter for a PEM electrolyzer in
a stationary application must have high efficiency, be economical, have high reliability (in
case of power switch failures), and have a low current ripple on the stack side to ensure a
longer service lifetime, allowing a better cost payback [36].

Based on the above, this article’s objective is to study and characterize a power elec-
tronic converter used on a commercial PEM-type electrolyzer and to formulate a strategy
to operate the system at maximum efficiency. In particular, the converter’s parameters
of interest are the current ripple on the stack and its overall efficiency. In order to then
evaluate the system’s behavior under real operating conditions, some tests are conducted
by changing the system’s thermal conditioning.

The article is organized as follows: in Section 2, a generic system description is
provided; in Section 3, the used methodology is defined; in Section 4, the experimental
setup is described in more detail; and in Section 5, the experimental results are reported
with commentary.

2. System Description
The considered power-to-gas (P2G) system is based on a PEM electrolyzer that pro-

duces and sends hydrogen to two MH canisters. A general scheme of the considered system
is given in Figure 1. It can be divided into four main parts:
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• The electrolyzer—In more detail, the considered electrolyzer internally comprises the
stack, all the auxiliaries required for its proper functioning, the programmable logic
controller (PLC) for control, and the power supply. These form the electrolyzer balance
of plant (BoP). A more detailed diagram of the BoP is shown in Figure 2.

• The hydrogen storage system—In this case, an MH-based storage system is considered.
MHs are classified according to the materials of which the metal alloy is composed.
This study specifically considers interstitial MHs. These hydrides are typically non-
stoichiometric compounds in which hydrogen is incorporated into the crystal lattice of
a metal or metal alloy. The abbreviations AB, AB2, and AB5 indicate the predominant
elements in the base alloy and provide an approximate representation of their relative
proportions. These hydrides generally function within a temperature range of −50 to
200 ◦C and exhibit storage capacities of approximately 2% by weight, depending on the
alloy composition [37,38]. However, it is necessary to consider that the rate of hydrogen
adsorption depends on the chemical kinetics of the metal hydride considered and the
relative conditions of the system in which it is placed. In the considered system, the
storage consists of two AB2-type MH canisters based on TiMg alloy. 215]Since the
adsorption phase is an exothermic reaction, the storage system is integrated with a
thermal conditioning system used to cool down the MH canisters during the charging
phase. This is a water-based cooling circuit consisting of a centrifugal water pump, a
thermal buffer tank, and a self-built water-bath heat exchanger.

• The data acquisition and control (DAQ) system—This part is developed in the MATLAB
environment and based on Arduino hardware, which is able to communicate with the
electrolyzer PLC. The acquisition of the voltage and current waveforms is made using
oscilloscopes. The system has also been equipped with transducers and sensors to
monitor the main thermodynamic and electric quantities, similarly to other articles [39].
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Figure 1. General scheme of the considered system.
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3. Methodology
In the considered system, to enable more precise measurements of the portion of power

absorbed by the stack and that absorbed by the auxiliaries, the electrolyzer power supply is
divided into two independent parts: one for the auxiliaries and one for the stack. In general,
they are both supplied from the AC grid. The converter for the auxiliaries is single-phase at
230 Vrms, while that of the stack is three-phase, without neutral, with a line-to-line voltage
of 400 Vrms. The grid’s frequency is 50 Hz. The interface between the stack and the grid is
an AC/DC converter that takes the three phases mentioned above as input and gives as an
output a DC voltage to power solely the stack. This converter is the focus of the study. To
characterize the converter, its efficiency and the current ripple produced on the DC side are
evaluated. About the converter’s efficiency, the characterization is performed by acquiring
the waveforms of currents and voltages at certain operating points on both the AC grid
side and the DC side. Then, the efficiency is calculated as the ratio between AC input active
power and DC output power. Because the voltage and current waveform are acquired for
a time period in the order of hundreds of milliseconds and because the electrolyzer has
longer characteristic times, the power measured can be considered constant during the
acquisition. From the points obtained, the efficiency curve of the converter is then derived
by interpolation. In the case of the converter, the incoming power is considered to come
from a symmetrical, balanced system. Thus, the grid power PAC was calculated as:

PAC = 3 · E · i · cos(ϕ), (1)

E and i are the rms value of the phase voltage and the line current, respectively, and ϕ is
the angular displacement between E and i. Equation (1) is only valid for a single frequency,
in this case the fundamental component at 50 Hz. Not considering the contribution of
higher-order harmonics results in an underestimation of PAC. However, considering the
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application discussed in this article, the contribution of voltage harmonics can be considered
negligible. With regard to line currents, on the other hand, if these are distorted due to
the converter, they are decomposed using the fast Fourier transform (FFT) algorithm. This
made it possible to derive all harmonic components to isolate the fundamental at 50 Hz, and
thus it is possible to calculate the angular displacement ϕ. The measurement of the power
of the auxiliary Paux is similar. The difference is that, in that case, the system is single-phase.

In order to quantify the current ripple on the stack current, two indicators were used:
the ripple factor Υ and the peak-to-peak factor ∆. The first is a method that is also proposed
in other works [40,41] and is the ratio between the rms value Xrms and the desired mean
value Xm of the magnitude, as follows:

Υ =
Xrms

Xm
. (2)

If the ripple factor is bigger than 1, it means that ripple is present. The greater the deviation
from 1, the more severe the phenomenon is in amplitude. Therefore, the second method is
the ratio between the peak-to-peak value of the oscillation Xpp and the mean value of the
magnitude, as follows:

∆ =
Xpp

Xm
. (3)

The more ∆ deviates from 0, the greater the amplitude of the oscillation. The difference
between the two lies in the fact that Υ also depends on the frequency and the waveform of
the quantity considered, while ∆ only takes into account the amplitude of the oscillation.
The second therefore allows the effects of amplitude alone to be better quantified.

For the characterization of the system, on the other hand, the overall efficiency and the
behavior of the MH as a function of the type of thermal conditioning used are evaluated.
To calculate the overall efficiency of the system ηtot, the efficiency is taken as the ratio
between the power converted into hydrogen and stored inside the canisters PH2 and the
total electrical power supplied to the system Pin. The latter will include both the electrical
power supplied to the stack’s converter PAC and that used for the operation of the auxiliaries
Paux. Therefore, the ηtot can be computed as:

ηtot =
PH2

PAC + Paux
. (4)

PH2 can be calculated by referring to the low heating value (LHV) of hydrogen as:

PH2 = ṁH2 · LHV, (5)

where ṁH2 is the instantaneous mass flow rate of hydrogen produced and stored inside the
canisters. The use of LHV instead of high heating value (HHV) allows a more conservative
estimate of efficiency. However, this is only a part of the total hydrogen produced, as a
fraction is regularly vented by the electrolyzer to ensure the proper functioning of the stack.
Thus, the flow rate of hydrogen stored in the canisters can be seen as:

ṁH2 = ṁH2tot −−ṁH2loss. (6)

where ṁH2tot is the total hydrogen flow rate produced and ṁH2loss is the vented portion.
Thus, from the Equations (4)–(6), if the total power supplied by the grid and the various
hydrogen flow rates are known, it is possible to calculate the system’s overall efficiency.
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To obtain a more detailed view of the main components, in addition to the converter, the
conversion efficiency of the stack ηstack is also calculated as:

ηstack =
ṁH2tot · LHV

PDC
, (7)

where PDC is the power output from the converter and supplied to the stack.
Finally, to evaluate the effect of the thermal conditioning system on the overall system,

two tests are carried out using different hydride cooling methods: the first test is performed
with the cylinders in air, while in the second, they are immersed in water. In the first case,
therefore, there is no control over the temperature, while in the second, an attempt is made
to keep the water temperature as constant as possible to ensure the cooling of the canisters.
Both tests are concluded when the pressure inside the canisters reaches the same value.
To assess the effect on the system of the type of thermal conditioning on MH, the energy
efficiency of the test ηtest is used as an indicator, calculated as:

ηtest =
mH2 · LHV

Ein
, (8)

where mH2 is the mass of hydrogen accumulated in the canisters at the end of the test and
Ein is the total electrical energy supplied to the system. In this way, the tests’ duration can
also be considered if they differ.

4. Experimental Setup
The experimental setup consists of a PEM electrolyzer able to produce up to 500 NL/h

(44.5 g/h) of hydrogen at 15 bar maximum, with a rated power consumption of 2.5 kW.
The AC/DC converter can output a DC voltage of up to 300 V and a current of up to 75 A.
It can therefore handle a power of up to 22.5 kW. However, the maximum electrical load
of the stack is around 3.5 kW; consequently, the converter is oversized for the application,
which may have been a design choice intended to enhance the modularity of the product
and reduce production costs. This implies that the converter is forced to operate only
in a limited load region, away from what is perhaps the nominal operating point for
which it was sized. Realistically, therefore, the efficiency at which it operates is less than
the maximum efficiency at which it could operate. The single MH canister can store
71.2 g (800 NL) of hydrogen at a maximum pressure of 25 bar in a physical volume of
2 L. A couple of them are used in parallel. The air test is conducted at an ambient
temperature of about 25 ◦C, while the water test is conducted at about 20 ◦C and cooled
by regularly adding ice to the cooling system buffer. Both tests are concluded when a
pressure of 15 bar is reached inside the canisters. Regarding the acquired measurements
and the used sensors, a summary is given in Table 1. The electrical quantities are acquired
through three Rigol oscilloscopes, two DS1054Z and one DS1074Z, respectively. The
remaining physical quantities are acquired with a prototype acquisition system based on an
Arduino Mega 2560. The acquired data are transmitted via Ethernet cable using the UDP
protocol to the master computer, on which they are displayed and saved in a local .mat
file in the MATLAB R2023b environment. For security reasons, the acquired data are
displayed on a specially developed graphic interface, also in the MATLAB environment.
For redundancy, data transmitted by the electrolyser’s PLC are also acquired. In this case,
the Modbus protocol is used. A photo of the experimental setup is shown in Figure 3.
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Table 1. Investigated physical quantities and corresponding sensors installed in the test bench.

Physical Quantity Symbol Measuring Range Sensor Type Sensor Used

H2 pressure pH2 0 ÷ 15 bar Pressure transducer
Impress Sensors and
Systems IMP–1502

(Berkshire, UK)

H2 flow ṁH2 0.1 ÷ 85 NL/min Thermal mass flow
meter

Bronkhorst F–112AC
(Ruurlo, The
Netherlands)

Ambient temperature Tamb −20 ÷ 350 ◦C T–type thermocouple TC
Heat exchanger water

temperature TH2OIN/OUT
−20 ÷ 350 ◦C T–type thermocouple TC

Canister temperature
(top) Ttop −75 ÷ 250 ◦C K–type thermocouple TC

Canister temperature
(middle) Tmiddle −75 ÷ 250 ◦C K–type thermocouple TC

Canister temperature
(bottom) Tbottom −75 ÷ 250 ◦C K–type thermocouple TC

Stack voltage Vstack −70 ÷ 70 V Differential voltage
probe Pico Technology TA041

Stack current Istack 0 ÷ 100 A DC/AC current probe
Teledyne T3CP100–2
(Chestnut Ridge, NY,

USA)

Grid voltage E −700 ÷ 700 V Differential voltage
probe

Pico Technology TA041
(Cambridgeshire, UK)

Grid current i 0 ÷ 100 A DC/AC current probe
Teledyne T3CP100–2
(Chestnut Ridge, NY,

USA)

(a) (b)

Figure 3. View of the whole experimental setup: (a) electrolyzer, (b) MH and cooling system.

5. Results and Discussions
Figures 4–6 show the waveforms of the currents and voltages measured at the input

and output of the converter at the point of maximum, 50%, and 20% of power absorption
of the stack, respectively.

It can be seen that the input system appears to be symmetrical and balanced. Addi-
tionally, the input line current to the converter, under steady-state conditions, exhibits a
highly impulsive behavior. On the DC side, the voltage oscillates around its mean value
with an oscillation of approximately 1 V and a frequency around 50 Hz, while the current
has a ripple at a frequency of about 300 Hz. The amplitude of the current ripple on the DC
side changes based on the power request from the stack. From these tests, it is therefore
supposed that the converter includes a rectifier (AC/DC) followed by a buck-type converter
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(DC/DC) to adjust the voltage to the level necessary for powering the stack at the selected
operating point. With only a diode rectifier, the voltage applied to the stack would be
higher than the measured value and would remain constant. Figure 7 shows the values of
the ripple factor and peak–to–peak factor at the points where the waveforms were acquired
and their relative trends.
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Figure 4. Measured current (top) and voltage (bottom) converter’s waveforms when the stack is at
maximum power: (a) grid side, (b) stack side.
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Figure 5. Measured current (top) and voltage (bottom) converter’s waveforms when the stack is at
50% of its maximum power: (a) grid side, (b) stack side.
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Figure 6. Measured current (top) and voltage (bottom) converter’s waveforms when the stack is at
20% of its maximum power: (a) grid side, (b) stack side.
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In both cases, as the power required by the stack increases, the impact of the ripple
decreases. This is because, proportionally, the mean value of the stack current increases
more than the amplitude of the ripple. In both cases, however, the amplitude of the ripple
is small, as Υ is close to 1 and ∆ is close to 0. However, the aspect to be considered is the
frequency of the oscillations, which is in the range that the literature shows to be the most
damaging to the stack. Given that the converter has already been built and assuming that
its existing structure will remain unchanged, ripple mitigation can be addressed through
control adjustments. This can be achieved either by increasing the switching frequency of
the buck converter or, if the buck employs an interleaved topology, by operating it at points
where the ripple naturally cancels out [42].
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Figure 7. Parameters to quantify ripple intensity and their linear fitting curve: (a) ripple factor,
(b) peak-to-peak factor.

In terms of converter efficiency, it remains within a fairly narrow range, ranging from
65% to 68%. In general, this is quite low for a commercial power converter. This may be
because the converter is sized for much higher powers, and coupled with this stack, it can
only deliver a fraction (maximum 15%) of the power it could process. Therefore, within the
range of interest for this application, its efficiency can be considered constant, with a mean
value of 66%. As an example, Figure 8 shows the trend of the power consumption of the
auxiliaries for the test carried out with the canisters in the water.
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Figure 8. Trend of power consumption by auxiliary systems.

The power consumption of the auxiliaries varies within a very small range, and in
general, when the stack is running, it never falls below 220 W. The results on the conversion
efficiency of the stack ηstack and the overall efficiency of the system ηtot (including losses
due to the auxiliaries and vent logic) are shown in Figure 9.

The system thus has a maximum efficiency of about 37% when the stack is operating
at about 40% of its maximum power. Over this threshold, the system has a nearly constant
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efficiency, while at lower loads, the system’s efficiency drops drastically. At low loads,
therefore, the system suffers more from the effect of losses due to auxiliaries and vent logic.

As for the tests performed to observe the overall behavior of the system when varying
the type of thermal conditioning, the results are shown in Figures 10 and 11, for the air
and water tests, respectively. As can be seen, the electrolyzer has an initial power peak
due to the pressurization of all the volumes inside the BoP. Thereafter, it remains stable
around 3.3 kW and then gradually decreases. In the case of the test carried out in air, the
drop in power is more rapid, while in the cooled case, it is slower. This is because in the air
case, the canisters heat up more rapidly and are therefore less prone to adsorb hydrogen,
whereas for those in water, this effect is attenuated. The various peaks present during the
operation of the electrolyzer are due to the purging logic. This leads to a reduction in the
internal pressure of the electrolyzer and thus to a consequent increase in power to produce
hydrogen to repressurize the system. The electrolyzer generally operates with the same
logic, so the output hydrogen flow rate is governed only by the adsorption capacity of the
MHs. In the beginning, when the canisters are empty, the electrolyzer is free to produce the
maximum. However, as the canisters fill up, and their internal pressure and temperature
increase, their capacity to adsorb hydrogen is reduced.
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Figure 9. Comparison between the efficiency of the AC/DC converter, the stack, and the
overall system.

As a result, the electrolyzer is forced to reduce its output. With this setup, then, the
converter is free to work anywhere in the range allowed by the stack. For the air test, the
system is brought to work most of the time in the region with the lowest system efficiency,
and the highest ripple-factor and peak-to-peak factor. In the water test, on the other hand,
the system can work for more time in the region of almost constant efficiency. Table 2
shows the results for the hydrogen stored in the canisters at the end of the tests and the
respective energy efficiency ηtest. Although the test in water lasts longer than the test in
air, the fact that the system can work for longer in higher-efficiency zones allows it to store
more hydrogen and provides a higher overall efficiency.

If the objective is to maximize the efficiency of the production system, an option with
this setup could be to limit the hydrogen output using a mass flow controller or a valve. In
this way, the electrolyzer will be forced to operate at this level, until the canisters reach the
point where they begin to reduce their adsorption capacity. However, this would greatly
increase the time required to achieve the same amount of hydrogen output.
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Figure 10. Measured quantities during the air-cooled test: (a) voltage and current on the stack,
(b) power absorbed by the stack, (c) temperatures, (d) hydrogen flow rate.
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Figure 11. Measured quantities during the water-cooled test: (a) voltage and current on the stack,
(b) power absorbed by the stack, (c) temperatures, (d) hydrogen flow rate.
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Table 2. Comparison between the performed tests in terms of stored hydrogen and energetic efficiency.

Cooling Type Hydrogen Stored (g) Energy Efficiency

Air 59.3 0.4037
Water 118.2 0.4113

6. Conclusions
This article focused on the study of the electrolyzer power converter of a power-to-gas

system with metal hydride storage. The system comprises a commercial grid-connected
PEM-type electrolyzer with a nominal power of 2.5 kW, an AB2-type metal hydride storage
system with a total volume of 4 L, and their associated thermal conditioning system. The
interface between the grid and the electrolyzer is an AC/DC converter. Its characteristics
with regard to DC-side current ripple and efficiency were studied at various operating
points. It is noted that the ripple amplitude is small over the entire load range. In general,
it tends to decrease as the load increases. The frequency of the current ripple, on the other
hand, appears to be in the range of frequencies that most affect the ageing of PEM cells
(300 Hz). As far as converter efficiency is concerned, this is quite low by current commercial
standards (around 66%). This may be because it is oversized for the stack to which it is
coupled. This reduces the efficiency of the overall system over the entire possible power
range. On the other hand, at low loads, the overall efficiency is more affected by the effects
of auxiliaries and vent logic. Two tests were carried out to verify the behavior of the system
with varying thermal conditioning of the hydrides: one with canisters in air and the other
with canisters in temperature-controlled water. As noted, system operation depends solely
on the ability of hydrides to adsorb hydrogen. These, if not cooled, force the system to work
in the region of lower efficiencies most of the time. This results in the converter also being
forced to work at a higher ripple factor and peak-to-peak factor. However, the results show
that conditioning in water allows the converter to operate at higher system efficiencies for
a longer time. This leads to an increase in the energetic efficiency of around 1%. Therefore,
if the objective is to operate the system at maximum efficiency, without making changes
to the electrolyzer, one could use a mass flow controller between the electrolyzer and the
canisters. In this way, the maximum flow rate could be imposed, forcing the electrolyzer to
work at the desired point. Future studies could verify this proposal or could look at the
effects of different storage sizes with the same boundary conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

IEA International Energy Agency
PEM Proton exchange membrane
SOC Solid oxide cell
MH Metal hydride
RES Renewable energy source
P2G Power-to-gas
DAQ Data acquisition and control
PLC Programmable logic controller
BoP Balance of plant
AC Alternate current
DC Direct current
LHV Low heating value
HHV High heating value
FFT Fast Fourier transform
TC Thermocouple
p.u. Per unit
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