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Abstract: Hydrogen has been receiving a lot of attention in the last few years since it is seen as a
viable, yet not thoroughly dissected alternative for addressing climate change issues, namely in
terms of energy storage, and therefore, great investments have been made towards research and
development in this area. In this context, a study about the main options for hydrogen production,
along with the analysis of a variety of the main power electronics converter topologies for such
applications, is presented as the purpose of this paper. Much of the analyzed available literature only
discusses a few types of hydrogen production methods, so it becomes crucial to include an analysis
of all known types of methods for producing hydrogen, according to their production type, along
with the color code associated with each type, and highlighting the respective contextualization, as
well as advantages and disadvantages. Regarding the topologies of power electronics converters
most suitable for hydrogen production, and more specifically, for green hydrogen production, a list
of them was analyzed through the available literature, and a discussion of their advantages and
disadvantages is presented. These topologies present the advantage of having a low ripple current
output, which is a requirement for the production of hydrogen.

Keywords: hydrogen; green hydrogen; hydrogen colors; alternative fuels; energy; power electron-
ics converters

1. Introduction

Hydrogen (Hy) is known today as the most abundant element in the universe [1], and
it has many uses that range from ammonia production for fertilizers, to cyclohexane utilized
in the plastic industry, or methanol, applied in pharmaceuticals. It can also be part of the
hydrogenation process that occurs in oils, in order to form fats, such as margarine. For
glassmakers, H creates a protective atmosphere, and it can even be used for manufacturing
silicon chips. There is also the classic example of the airships, which took advantage of
hydrogen’s low density to propel zeppelins. It is known, however, that this no longer
happens due to the Hindenburg disaster [2]. Automobile companies are investing their
efforts into developing vehicles fueled by Hy, such as the Mirai model, by Toyota, or the
Clarity Fuel Cell model, by Honda [3,4]. The H; used in these vehicles can be used in fuel
cells (FCs), which take advantage of Hy’s chemical energy, and through an electrode, an
electric current is generated, allowing the motor on these vehicles to rotate, making the car
move [5]. Even though H is used in the automotive industry, via FC stacks, it can also
be used in internal combustion engines [6]. The operational principle of Hj in this type
of engine is similar to the engines fed by fossil fuels [3], such as gasoline or diesel, and
there are companies like Keyou that specialize in converting diesel engines into H, internal
combustion engines in a cheap manner, smoothing the transition from a polluting way of
transportation into a cleaner one [7].
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Hj;, however, is still not as reliable as other fuels, like diesel or gasoline, for example [8],
and its adoption still requires major efforts for such a transition to happen, in order to
lower costs and to boost the investigation in this area [9,10]. The whole infrastructure
needs adjustments since H, does not present the same characteristics as these other energy
carriers [11]. Such changes refer to two specific cases. The first case refers to alterations in
terms of gas storage. Previous fueling stations can be repurposed, but with changes to the
conditioning of the Hj in the underground tanks and in the pump supply system, since gas
pressure, temperature, and stability are not the same when compared to other fuels [12].
The second case refers to repurposing and minor adaptations to the preexisting natural gas
infrastructure. In Europe, there has been an effort to understand the viability and feasibility
of reusing the well-developed and widespread pipeline systems for natural gas. This
method presents advantages, besides the preexistence of the transporting infrastructure,
such as the easily achievable very high energy transportation, thanks to the lower density
of Hy compared to methane [13]. When comparing the energy flow of both gases through a
pipeline, Hy’s outputted volume can be nearly three-fold that of methane, under a given
period, at the same pressure, achieving only a slightly reduced energy density, which means
that the transition from natural gas to H; has a low impact on the capacity of a pipeline to
transport energy [7,9,10,14-16].

In [16], an analysis of the differences between vehicles with distinct types of engines
under several test conditions is presented. Their driving range, fuel consumption, and
the amount of carbon dioxide (CO;) emitted per vehicle type were compared, and the
conclusions are summarized in Figure 1.
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Figure 1. (a) Comparison of fuel consumption and driving range between the analyzed vehicles;
(b) differences in lifecycle CO, emissions associated with each vehicle type.
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Besides the transportation sector, H, has been receiving special attention in energy-
heavy industries, such as the steelmaking industry, and it accounts for the list of biggest
pollutants, through all types of industry [17,18]. Thus, there has been evidence that an
energy transition in this sector is crucial for climate targets to be achieved [18], which
has led to a growing interest in Hj, since it can be implemented as an eco-friendlier fuel,
without major changes to existing hardware, such as furnaces and ovens [19]. It should be
noted, however, that the required H, must be produced through processes that use clean
energy, such as that produced from renewable energy sources (RESs), which means that
for the whole process to be sustainable and to have minimal environmental impact, green
hydrogen (G-H;) must be considered.

RESs are known to have a deep “flaw”, which is their variance through time, and one
of the solutions proposed was the use of energy storage systems [20,21]. These include
batteries, supercapacitors, and gases, for example. Hj is a type of gas that can be used for
this end; therefore, it is crucial to study its capabilities as a solution for the energy storage
problem. Green hydrogen stands out as a solution for this problem since there is a major
utilization of what could otherwise be lost energy. Therefore, G-Hj is seen as a key driver
of the energy transition [20].

To this extent, there is a strong need for the development of solutions that allow
such technological advancements, namely in the power electronics (PE) field. In order
to interface the many components of a power grid, whether it is part of a major grid or
part of an islanded grid, there is always the need for PE, and in the case discussed in this
paper, the transfer of energy from its source to the electrolyzers that produce Hj requires
several PE converters that work symbiotically as a single converter. Figure 2 displays the
relationship established between the energy sources, which for G-H, must be renewables,
the PE converter, and finally the electrolyzer. This presents an example application of
the G-H; production and utilization, where PE is at the core of the operation. Another
utilization for the produced G-Hj is also depicted by fuel cells.

\ /[ Power Electronics \\

Converter

Electrolyzer

Renewable Energy
Sources /

Hydrogen
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Figure 2. Diagram of a G-Hj use case, from its energy source to the production and storage, or for
usage of the gas itself.

This paper presents various contributions, namely the following: (i) outlining the
various types of H, according to their production type, along with the color code associated
with each type; (ii) regarding G-Hp, the specific and main PE converter topologies that allow
for its production are presented and described, along with the characteristics that make
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them suitable for G-H; production; (iii) the principle of operation of the PE converters,
including a comparison based on advantages and disadvantages, is presented. After this
introduction, the second section is dedicated to an introduction to H; and its possible
applications, as well as an enumeration of the various Hp production methods, along with
the color code associated with each type. Section 3 describes some PE converter topologies
associated with the production of Hy, as well as the characteristics that make them suitable
for G-H; production. A comparison of all the converters is presented in Section 4, according
to their advantages and disadvantages. Lastly, in Section 5, conclusions about the discussed
methods for Hy production and the PE converter topologies are drawn.

2. Hydrogen: Classification and Associated Color Code

Before showcasing the different existing methods for Hp production, a note of warning
must be made about the different types of hydrogen since there are three variants; that is,
hydrogen can be categorized in its isotopes, namely Protium (!H), Deuterium (*H), and
Tritium (*H), and they all refer to the chemical element hydrogen, with the same number of
protons, but with 0, 1, or 2 neutrons, respectively. With this being said, in this paper, the
term hydrogen or Hy will always represent the most abundant isotope, which is Protium,
and the molecule composed of two Protium atoms [22].

In recent years, H, has been appraised as a sustainable alternative for the decarboniza-
tion of a multitude of processes, from transportation to energy production, or energy-dense
industries, such as the steel industry [23,24]; it has a variety of applications, and when it
is burned or used in fuel cells, the only byproduct is pure drinkable water. Therefore, in
this regard, Hj has an advantage, when compared to fossil fuels [25]. The latter produce
hazardous and pollutant byproducts when they are burned to produce energy and are
considered key drivers of global warming, which in turn leads to negative impacts on the
environment, its inhabitants, and the ecosystem as a whole [26,27]. There are, however,
some constraints related to the production methods of H2, and to assess this issue, a color
code for different types of H, was developed [28,29].

H, itself is a colorless gas, but there are around ten color codes for identifying Hp,
and these refer to the source or the process used to produce it, more specifically green,
blue, grey, brown or black, turquoise, purple, pink, red, and white, and they refer to a
way of categorizing H, concerning its origin, method of production, monetary and energy
costs for its production, and life cycle emissions [26,30]. Table 1 showcases the different
categories created for H, according to several specifications. These are the most common
H, production methods since they have already been used to produce H; on an industry
level [31]; therefore, not all colors are addressed in this table.

Table 1. Main pathways for H, production.

Min. Energy Conversion Average Cost Life Cycle CO,

Type Source Process Inputs (kWh/kg)  Efficiency (%) (€/kg) (E;ésciz(/)ilgs)
]?2?12(5/];2022? Coal Gasification ~40 60 34 >18
(17,2 552,5;7’28] Methane SMR ! 10.8 65-80 17 >12
[171?;)‘21%3] Methane ~ SMR + CCS 2 ~14 47-62 225 35-5
[312131‘6] Water Eli‘if(l)‘f;ls ~47.8-51.3 85-90 ~3.3-6 0.559
[T]‘;r‘%‘;f’f; Methane P}ljrlgf;‘is 9-16 14-56 ~2 34
(172 Ofge;‘ 4041] Water Electrolysis 55 60-70 5-7 45

! SMR—Steam Methane Reforming. 2 CCS—Carbon Capture and Storage.
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In [26], the characteristics of each of these colors of H; are discussed and presented,
along with a benignity assessment of each of them. In [33], a differentiation of the various
colors of H; is made, reinforcing the weight that most conventional practices for H2
production have in the transitional phase of Hy, namely coal and gas burning. In [32], the
authors discuss the production of blue H; as a key for the growth of the H, market. They
emphasize the evolution and improvement of techniques that aim for the production of
Hj; in recent years, as well as a comparison between H; and natural gas, in terms of their
advantages and disadvantages as fuels and energy carriers. Lastly, they refer to CCS as
being essential for the implementation of blue Hj.

2.1. Black/Brown Hydrogen

Black and brown H; are similar since they are both produced from coal. The only
difference is the type of coal that is used; for the first case, black bituminous coal is used to
produce energy from its burning, whereas for brown coal (thereby the name), lignite is used
instead [23,25]. This method of production is, on one hand, the cheapest, since coal prices
are low, but on the other hand, it has the biggest environmental impact when compared to
other methods of H; production, since burning coal is responsible for the emission of large
amounts of greenhouse gases, aggravating global warming through air pollution [26,28].

2.2. Grey Hydrogen

The most common method of producing Hj; is through the SMR process, and more
than 80% of Hj is produced through it [23]. At the beginning of the process, natural gas
and other hydrocarbons that contain methane are injected into the steam enclosure, where
heating and sulfur removal processes happen. When heated, the mixture produces the
desired Hy. Some extra procedures are used to produce more pure Hj, such as the water
shift gas reaction [27]. The advantages of this method are the already existing infrastructure
and its lower cost. However, SMR has an enormous presence among the biggest pollutant
industrial processes, accounting for almost 3% of the global industrial sector CO, emissions;
therefore, it is not an alternative to be looking at in the future, since it does not meet the
net-zero carbon targets [42,43].

2.3. Blue Hydrogen

To produce blue Hy, it is necessary to capture and store the carbon emitted upon the
burning of natural gas. This method allows for this H; to be labeled as low-carbon, since
most of the produced CO; is then captured and stored in underground caves [32]. This
method is hailed as more expensive than the black/brown H; type; however, with the CCS
strategy, the carbon offset is lower, making it an environmentally friendly option [17]. It
is not, however, the greenest, because the captured carbon cannot be kept forever, and
there will always be leaks, which leads to an increase in the overall carbon footprint of this
alternative [33].

2.4. Pink Hydrogen

There are numerous ways to produce energy, and besides the ones mentioned above,
or RESs, there is one energy production method that stays in between, and it is nuclear
energy (NE). The use of nuclear reactions to produce energy is no novelty, and this energy
can also be used to produce H; [34]. Pink Hj is produced through the electrolysis of water,
and the energy is sourced from nuclear power plants. There are trade-offs when using NE
to produce Hj. In terms of pollution caused, none of it directly affects the environment;
i.e., the byproduct of producing this energy is water vapor, which is innocuous to the
atmosphere but can contribute to the heating of nearby rivers and water reservoirs, leading
to a less positive influence on the local ecosystem. Another great issue related to the use of
nuclear power refers to the residues since these are practically impossible to decompose
in nature and present a biohazard because of the radiation they produce, as well as their
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toxicity, when in contact with living beings. Thus, the production of pink H, must be
thoroughly calculated so that no greater risks arise [35,36].

2.5. Turquoise Hydrogen

For the production of turquoise Hy, the process of methane (CHy) pyrolysis via thermal
plasma is used. That is, through the burning of CHy4, using hot plasma, it is possible to
produce H, with a high degree of purity [37]. This method has many advantages, such as
being a lower-energy-density process, when compared to other processes, such as SMR, or
water electrolysis. Furthermore, its usage and production can be accelerated, considering
the already existing natural gas infrastructure [17,37]. Another advantage presented by
turquoise Hj is its byproduct: high-value black carbon. Upon burning one molecule of
methane, it is possible to produce two molecules of H, and one molecule of carbon, which
can later be used in a multitude of processes and/or products, including as a pigment, as a
filler for rubber-making, for pencil-making, as artificial diamonds for industrial tools, and
even for gunpowder, among others [38,39,44,45].

2.6. Green Hydrogen

Lastly, concerning the major types of Hy, there is G-Hj. This is the most environmen-
tally friendly type of Hj since it is produced from RESs through the electrolysis process [41].
This is an energy-dense process, which may represent a downside; however, since this
is a cleaner process, it beats all the other H, production methods, because no harmful
gases or chemicals are released into the atmosphere and surrounding ecosystems [30,33].
G-H, is deeply associated with the decentralization of energy production since for it to
be more sustainable and reliable and for the whole production and usage process to be
more efficient, G-H, must be produced near its final application equipment, namely electric
vehicle (EV) charging stations and ammonia and fertilizer production, or simply to produce
H, to be stored as an energy carrier, for example [17,40]. Many projects, namely in Europe,
intend to accelerate the transition to G-H, through a goal set for 2030 that relies upon
importing 10 million tons of G-H; for use in traditionally fossil-fuel-reliant sectors, such as
heavy industry and transportation [46].

2.7. Purple Hydrogen

The production of purple H, foresees the usage of nuclear power, heat, and H,O
through electrolysis and thermolysis processes. It has similarities to the production of pink
H,; however, they differ, since pink H, does not rely on heat to be manufactured [40].

The vast majority of purple H; projects are located in the USA and in the UK. Even
though China only has one purple H, project, its announced capacity surpasses all the
other preexistent infrastructure, with a theoretical maximum capacity of 39.37 kilotons per
annum (ktpa), and it is expected to begin its activity in 2025. This is a huge difference from
the average purple Hj project, which outputs around 0.6 ktpa. It is also estimated that a
1 GW reactor could provide 150 ktpa of H, production, whereas a 3 GW one could generate
enough Hy to heat 1 million homes or to feed 40,000 Hy buses [47].

2.8. Red Hydrogen

Just like pink and purple Hy, red Hj is produced using nuclear energy. This particular
type of Hj is produced solely from the resulting heat of nuclear energy production, through
the thermolysis of water [40]. There is, however, another difference, which relates to the
type of nuclear reactor that is used for the production of red H;. To be able to produce
red Hj, a new generation of reactors must be used, and they differ from previous reactors
in terms of size and power; i.e., they are smaller and less powerful. This allows higher
temperatures than those in classic reactors to be attained. In terms of perspective, the newer
reactor power plants will output from 30 MW to 100 MW of thermal power, whereas bigger
and older nuclear power plants output approximately 100 times more thermal power. The
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problem is that older nuclear reactors are less efficient; therefore, the implementation of
these newer reactors could be transformative to this H, production method [48].

2.9. White Hydrogen

Hj can also be produced naturally. White Hj refers to the gas that is produced from
natural processes and kept in underground deposits. This hydrogen is seen as bliss since
it is produced naturally without any kind of interference from humans. However, there
are downsides to it, such as its extraction, which accounts for possible gas leaks that
are dangerous, since H; is flammable, and the environmental impact associated with it,
considering that these natural Hy-occurring areas need to be exploited, and therefore, heavy-
duty machinery will induce both controlled and uncontrolled damage to the structures
that keep the gas stored; a further downside is its bioavailability, since naturally formed Hy
cannot be found in all parts of the world, and natural H; reserves are not equally accessible
and do not grant the same extraction conditions [49,50].

2.10. Yellow Hydrogen

Yellow Hj is defined as a derivate of G-Hj since it is produced from RESs; however,
in this case, the only source that can be accounted for is solar energy. Through the use of
solar panels, electricity is produced, and when it is fed to the electrolyzer, H; is produced,
without the release of CO, or other harmful gases to the atmosphere [51]. There is, however,
not much consensus on the definition of the origin of yellow Hj, and some authors claim
that it may also be produced from electrolysis, but with its energy directly sourced from
the power grid [26].

3. Power Electronics Converter Topologies for Green Hydrogen Production

G-Hj; stands out as an environmentally friendly alternative to fossil fuels since through
its use, no pollutant components are emitted to its surroundings, either through its use via
fuel cells or by simply burning it, as is done with other fuels, such as diesel or gasoline. The
use of Hj requires, nonetheless, a high degree of purity, i.e., a purity level superior to or
equal to 98%; therefore, the equipment responsible for such production must be capable of
outputting top-grade H, [52,53].

For this to be possible, every step of the production process must be performed in
such a way that the Hj is as pure as possible. The electrolysis process leads to the fissure
of the HyO molecules into their components, namely oxygen (O;) and Hy, by means of
large amounts of electric current [54]. Considering this, it is necessary to think of ways
to minimize the losses that occur amidst the energy conversion process and to grant the
required conditions for the electrolyzers to work, namely in terms of adequate current and
voltage. PE is evident from the beginning to the end of the production process, and thus
an alternative to fight energy conversion losses is proposed by using PE converters. These
systems are key to having high-quality Hy, and there are many PE converters that allow
the production of G-H;. PE converters are an essential part of an electrolysis system since
their purpose is to be able to provide the electrolyzer with all its electricity needs, despite
the power grid it may be inserted on, either as part of a bigger power grid or as an islanded
grid [55]. These converters will be further analyzed.

Considering the aforementioned, some authors have already addressed the current
ripple influence on the electrolyzers. In [56], an analysis of how important and relevant
the current ripple is to the performance of an electrolyzer, namely a proton exchange
membrane (PEM) electrolyzer, is presented. With the results presented in their work, the
authors concluded that efficiency is reduced proportionately to the increase in the current
ripple since it increases the power consumption of the electrolyzer. In terms of the amount
of H that is produced, they stated that it stays constant since this value is solely affected by
the average of consumed current, which stays constant no matter the amount of ripple that
the current may have. Thus, the lower amount of ripple leads to a reduction in the power
consumption from the electrolyzer’s perspective. In [57], the authors established that there
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is a proportional relationship between the watt-hour efficiency of the H, production process
and the quotient 4G/ Payc. Another aspect could be considered for the improvement of
the power conversion efficiency, namely through the usage of soft switching; however, in
the context of this paper, this feature is not an object of analysis [58].

G-Hj can be compared to pink Hj, given the fact that a major similarity between
both production methods can be identified, namely the fact that both methods rely on the
electrolysis of water. However, they differ in terms of power, since a nuclear power plant
with commercially available reactors may produce as much as 1500 MW [41], whereas
for G-H; production, a standardized electrolyzer stack coupled to RESs could output
only about 10 MW [59]. This leads to the conclusion that PE converter topologies may be
similar, independently of the application; however, considering the power required for
each method, there must be an adjustment of the type of components that ensure the correct
operation of both electrolyzers. Thus, this section analyzes converters that can be employed
for an electrolyzer and, more specifically, for electrolyzers whose energy is produced from
RESs, in order to produce G-Hy.

3.1. Power Electronics Converter Topologies

For a certain converter to be deemed suitable for G-H, production, some technical
aspects must be considered, since H, production requires lower voltages and higher current
values; i.e., for PEM electrolyzers that present an electrode area of around 1500 cm?, current
density may vary between 900 A and 3000 A, whereas the voltage range is limited to
1.4 V to 2.5V [54,60,61]. Other aspects must be taken into account when considering PE
converter topologies for their integration with electrolyzers, such as, and foremost, a low
output current ripple, diminished electromagnetic interferences, higher power density,
reduced costs, high conversion ratio, reliability, and the efficiency of the electrolysis process,
according to the technique applied [62]. Electrolyzer efficiencies may vary from 50% to 83%
in PEM electrolyzers and may vary for other technologies, such as alkaline water electrolysis
(50% to 78%), anion exchange membranes (57% to 59%), and solid oxide electrolysis cells
(about 89%), which means that if the Hy-producing element has such values of efficiency,
it is crucial to increase the efficiency of the PE converters as much as possible, in order to
feed the electrolyzer units, and thus, this presents a prerequisite for appointing certain
PE converter topologies, such as the ones described in this paper, as adequate for Hp
production [60,61,63].

To produce hydrogen using electrolysis, only dc current can be used, and since the
intended application cases are RESs, to produce G-Hj, their coupling is made to a dc bus.
The usage of dc has benefits when compared to ac, namely in terms of efficiency, reliability,
the integration of battery systems and RESs, and ultimately, the elimination of frequency
issues, which lead to transmission losses [63].

There are many power electronics converters that can be applied in H, production,
and thanks to continuously growing investment and investigation in this area, this number
is continuously growing. Thus, a selection of PE converter topologies is dissected in this
work for the sake of understanding their position among the remainder by the analysis of
their benefits and demerits.

3.1.1. Dual Active Bridge Converter

In [64], the authors discuss a dual active bridge (DAB) converter as a way to interface
a high-voltage DC bus with an electrolyzer. This PE converter is pictured in Figure 3.

However, to handle the high currents typical in such systems, an alternative approach
is proposed, namely by using these converters as modules, that is, to allow the high
currents to flow through n converters. This approach is used to minimize losses as well.
The authors analyzed three different configurations for these modules, namely by changing
their configuration on the high-voltage (HV) and low-voltage (LV) sides.
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Figure 3. Dual active bridge converter.

Series HV Side and Parallel LV Side (SHV-PLV)

As the number of modules (7) increases in this configuration, the amount of current
and voltage on each is decreased by a factor of 1/#, which is beneficial, since the workload is
divided, allowing for an extended lifetime of the switching elements. Such a configuration
can be seen in Figure 4.

DAB Module

High-voltage
(HV)

High-voltage Low-voltage Electrolyzer
(HV) {Lv) Stack

High-voltage Low-voltage
(HV) {Lv)

Figure 4. Series HV and parallel LV configuration.

Low-voltage
wv)

HV DC Bus
.
l ' I )
-4
LV DC Bus

Parallel HV and LV Sides (PHV-PLV)

The configuration seen in Figure 5 presents the same advantage in terms of current
distribution through the modules as the previous configuration. However, the voltage
rating of each bridge switch must match the DC grid voltage. It is even possible to activate
or deactivate each of the modules individually when in operation in order to increase the
system’s efficiency.

Dedicated DAB Module for Each Electrolyzer Stack

In such a configuration, each DAB module concentrates its effort on a single elec-
trolyzer stack, as per Figure 6. The power rating for each system is given by (1/ n)th of the
given system power. Since each module is independent, the overall system efficiency can
be altered for the required specifications. This configuration has the downside of being
a more expensive approach, since the more stacks there are, the more DAB modules are
required, and these modules must be able to handle higher currents on their own since no
current is divided through the other modules, as they are separated (on the LV side).
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Other studies, such as [65], suggest the implementation of the DAB using dual phase
shift as a way to reduce conduction and switching losses, presenting results for a 10 kW
converter with a current output of 25 A and efficiencies from 94.0% to 97.6%. The low
current ripple of the analyzed topology implementation was not mentioned in the paper;
however, this work presented a relevant study of the implementation of the DAB. In [66],
the authors analyzed the influence of phase shift modulation on the same converter, and its
performance was assessed under high-current applications, and like the work described
in [65], they concluded that standard single-phase shift does not present advantages. This
specific paper analyzed the influence of trapezoidal and triangular modulation schemes
and concluded that despite the increased computational effort to control the converter,
conduction and switching losses were minimized, which improved the overall efficiency of
the converter.

As the energetic paradigm shifts towards powerful and more efficient electrical sys-
tems, the use of innovative converter topologies to suppress the prevailing energy needs
is crucial.

In [67], the authors stated that multilevel converters may be the appropriate solution
since a large number of semiconductors are used. Such a characteristic is beneficial because
voltage can be divided by all semiconductors, which means that smaller semiconductors
can be implemented, allowing a reduction in losses and an increase in the system’s lifetime.
Contrarily, the increase in power levels will also cause associated costs to rise. One major
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benefit of using multilevel converters is their control algorithm, which allows for more
voltage levels at the output of the converter, resulting in improvements in power quality.

When compared to traditional topologies, multilevel converters permit the escalation
of the system’s power without changing the maximum current value while still enhancing
power quality, namely by reducing harmonic distortion and voltage transients, in AC grid-
tied systems. These modifications provoke a faster dynamic response from the converter
and allow the increase in the switching frequency of the semiconductors, therefore reducing
the size of the passive elements in the converter. The number of levels available at the
output of the converter also increases. There is, nonetheless, an aggravation in the system,
for example, in the control complexity, due to the larger number of semiconductors.

Multilevel converter topologies are seen as very adequate for uses such as bipolar
grids, a structure for possible adoption in active buildings, in the context of smart grids.
Bipolar grids are gifted with great flexibility, and their implementation surges as a response
to the fast-paced evolution of loads and electrical appliances that are coupled to the power
grid. The insertion of additional voltage levels through this type of converter allows an
increase in the conversion’s efficiency and controllability when a grid failure occurs [67,68].

Stacked and interleaved converters are known for their better efficiency, considering
that ripple frequency is higher, proportionately to the number of ramifications of the con-
verter connected in parallel, leading to a reduction in stress on the power semiconductors,
as well as conduction loss minimization. The complexity of the system is also aggravated
thanks to the increase in semiconductors. Despite that, the size of the passive components
is diminished since the ripple frequency is higher [69].

3.1.2. Standard Buck Converter

Most converters applied in electrolysis systems are buck-type, and this subsection
will analyze them according to the existing variants. Buck converters are suitable for a
wide range of applications, including renewable energy applications and steelmaking,
which is an energy-dense process, or for use in G-H; production, which in reality is an
amalgamation of both these categories [55,67,70].

The buck converter, as depicted in Figure 7, stands out as an easy-to-implement
solution given its simplicity, as well as being less expensive and easier to control. On the
other hand, the buck converter has limitations, namely the introduction of current ripple
at the output. This fact requires the implementation of procedures that limit it and the
unavoidable increase in the inductance value, as well as the associated switching losses
and overall costs [55]. For low-cost applications, it still may be considered to be a viable
option, despite these less beneficial characteristics. To overcome common hurdles of the
buck converter, the authors of [71] proposed an improved buck converter with the ability
to withstand a step-down ratio of 18:1 under a high switching frequency (1 MHz), while
ensuring a low current ripple.

K4 'N\LN\_._

¥ 1L
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S Crrrr == -
Vbpce D our —_ Vour
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Figure 7. Standard buck converter.

3.1.3. Synchronous Buck Converter

Other authors proposed an alternative electrolysis system, pictured in Figure 8 and
described in [72]. The experiment had the goal of producing G-Hj, and their choice for the
DC/DC synchronous buck converter was very well thought through. The voltage output
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of renewable sources and storage systems nears 12 V, in their case, 2 V. The effectiveness
of the converter at low output voltage is diminished, whereas the output current is high.
Such phenomena occur thanks to voltage drops across the converter, namely the diode;
therefore, the suggested methodology involved removing the freewheeling diode and
replacing it with a semiconductor. A MOSFET was chosen because it has a reduced voltage
drop. In conducting mode, the semiconductor acts like a small resistance benefiting from
the absence of a voltage drop, contrarily to IGBTs and diodes, which translates into an
improvement in efficiency [67,72].

Vpc

Vour

Figure 8. Synchronous buck converter.

An efficiency analysis then concluded that the conduction voltage drop of the syn-
chronous switch is lower than the one that occurs in diodes such as the Schottky ones,
reinforcing their choice of using a synchronous converter as opposed to a regular one [72].

Similarly, the authors of [73] highlight the advantages of the synchronous buck con-
verter in high-switching-frequency applications, revealing a high transient response in the
output voltage. Other advantages associated with high-frequency synchronous buck con-
verters include a reduction in the cost and an improvement in the converter’s performance.

3.1.4. Stacked Buck Converter

The authors of [69] showcased their implementation of a stacked interleaved buck
converter, in contrast to a synchronous boost converter. The purpose of their investigation
was to improve the converter’s transient response, control method, and output current
ripple through dead-time modulation, which had the objective of adjusting two equivalent
waveforms, from the primary and secondary arms of the converter, in order to reduce the
output current ripple [69]. Firstly, they stated the three main categories for techniques that
aim to eliminate the output current ripple, namely multi-phase buck converters in parallel
inter-switched, coupled inductors, and stacked architectures. Each of these categories is
summarized in Table 2.

Table 2. Standard current ripple elimination effect technique comparison.

Technique

Advantages Disadvantages

Multi-phase buck Converters

Coupled Inductors

Stacked architecture

Current ripples will only cancel each other out
to a certain degree.
Limited duty-cycle range.
The increase in the inductance leads to a direct
Full duty-cycle range. reduction in the transient response speed of
the converter.

Increased current ripple frequency.
Reduced capacitance of the input capacitor.

Acceleration of rising and falling slope of the
output current with both arms of the bridge
converter turned on, improving
transient response.

Dead time of the switching signals and
parasitic capacitance of switching elements
negatively affect the ripple elimination effect.
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The work described in [69] takes aim at a converter like the one depicted in Figure 9.
The implemented coupled inductor has the principle of producing two opposite-phased
currents through Ls and L;, in order to eliminate the overall current ripple since they
complement each other. The converter working principle is based on this proposition, and
it will be further analyzed.

SJJ:f Sjt
4
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Figure 9. Stacked buck converter.

The stacked buck converter (SBC) presents advantages in terms of current ripple
elimination, through the use of a coupled inductor (M), since there is no major detriment in
the ability to reduce the current ripple by reducing the inductance value. The authors also
claimed that by lowering the capacitance value of Cs, in order to increase the converter’s
transient response, there would be an increase in the current ripple, which is contradictory,
since the objective was to produce a low ripple current that would feed the electrolyzer.
To overcome this hurdle, they suggested that using an overlapping activity on both arms,
i.e., having both arms turned ON at specific times, could improve the system’s transient
response, without prejudice to the capacitance values, which translated into a decrease in
the current ripple elimination ability. Through this method, both a satisfactory transient
response and a cleaner ripple output were assured [69].

Other authors have also presented works about this converter, such as in [74] where
several requirements were emphasized from the electrolyzer point of view. These were
low output current ripple, an adequate dynamic response that ensured the electrolyzer’s
reliability, and high energy efficiency. In this work, a theoretical analysis of the converter
was presented, including the dynamic model of the electrolyzer unit and the control system
design. The authors state that this topology, under the implemented control algorithm,
can compensate the output ripple independently from the applied duty cycle, as well as
protecting against overvoltage surges, while increasing the electrolyzer’s performance.
Their design can also be scaled to higher voltages. Lastly, they state that an inconvenience
in increasing the power of the topology is the limitation imposed by the inductors, as the
available values in the market are yet not high enough to meet such high-power demands.

3.1.5. Quadratic Buck Converter

Another topology that has been analyzed in different studies is the quadratic buck
converter (QBC). This topology presents advantages not only through the reduction in the
output current ripple, but also by presenting high efficiency values. In [75], it is stated that
upon the design of a QBC, satisfactory results were obtained in terms of output current
ripple since an efficiency of 82% was obtained. It was also mentioned that even though a
simpler control method was employed, the steady-state output regulation was superior to
what was expected, as was the transient response, which was faster than predicted. For the
performed study, a QBC like the one presented in Figure 10 was implemented.
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Vpc

Figure 10. Quadratic buck converter.

A different approach to the QBC implementation is presented in [76], in terms of
control methodology; the authors declare that through the implementation of dynamic
modeling of the QBC with the state-space averaging technique, it is possible to obtain a
more precise model when compared to the previous ones. Their model accounts for the
influence of equivalent series resistances of the capacitors in the circuit, as well as the
inductors, contrarily to previous studies which have neglected such variables, considering
having an ideal converter.

From another perspective, the authors of [77] showed how reconfigurable QBCs
specifically applied to electrolyzers can prove to be adequate, given their low voltage and
high current outputs. This reconfigurable technique allows for a safer power distribution
since in this way, the system is capable of protecting the life cycle of a load that would
otherwise be negatively impacted during an unexpected and unwanted shut-down.

3.1.6. Superimposed Quadratic Buck Converter

Another work was developed, and in [78], an unusual alternative is showcased: a
quadratic buck converter according to a superimposed topology for overcoming very high
step-down ratios (in the studied case, 48 V to 1 V). Such an approach, in combination with
an adequate quadratic conversion ratio, allows for a reduction in the time spent ON by the
converter. The distribution of power under parallel paths with reduced RMS current allows
for a peak efficiency of 94%. This topology receives its name from the superimposed LC
filters applied, as per Figure 11, and is also able to minimize the output current ripple. To
optimize the system, a complementary switching scheme and a duty-ratio-based inductor
size improvement technique were introduced.

Y
ITT

Vpc

Figure 11. Superimposed quadratic buck converter.

4. Comparison

For the sake of better understanding each converter’s strengths and weaknesses, and
why some may be used in certain situations while others are more adequate for a different
scope of application, Table 3 is presented, and it profiles a brief summary of the advantages
and disadvantages of each of the aforementioned topologies. All the analyzed converters
have the ability to reduce the system’s current ripple; therefore, this is a common advantage,
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and since the objective of this paper is to showcase different types of converters for G-H,
production, this characteristic is seen as preconceived; otherwise, the converters would not

be profiled.

Table 3. Comparison of the analyzed PE converter topologies.

Converter

Topology Advantages Disadvantages
- Modular/scalable.
DAB (SHV-PLV) - Current is divided through the various modules. Hicher associated costs
_ - Withstands high DC input voltage. & . X
[64-68] Harder to implement control
- Ensures galvanic isolation between the input and leorith h ber of modul
the output. a gorithms .ast eh number o zlno ules
DAB (PHV-PLV) - High number of semiconductors allows for a Increases, since there s a need to
3 L synchronize them.
Dedicated DAB reduction in losses.
- Simplicity of implementation and compactness. Necessity of implementing
- Inexpensive. current-ripple-limiting techniques and
Standard Buck - Easy to control. increasing the inductance value, as well
[55,67,70,71] - Efficient, even if not as much as the

other converters.
Stable output voltage.

as switching losses.
Efficiency drop at lower loads.

Synchronous Buck

High efficiency.
Low output voltages benefit the performance.

Does not ensure isolation between
input and output.
Does not present an advantage in terms

[55,67,72,73] - Improved transient response. of voltage drop ratio. compared to
- Has the ability to handle higher currents. & P / p
regular buck converters.

- Improved transient response and efficiency. Increzjlsed co.mplexrfy of the control

Fast dynamic response algorithm, since a bigger number of

Stacked Buck (SBC) - Scalability and mo dula.rity semiconductors is being used. Higher
[55,69,74] Ability to have both semiconductors conducting C(.)Sts are also associated. .
(switched ON)) at the same time Lighter loads lead to a reduction
' in efficiency.
- High efficiency—82% Augmented costs due to the
- Simple control algorithm can ensure superior ﬁgéﬁ;ﬁ;ﬁjﬁiﬁg multiple
Quadratic Buck (QB) ;_;faﬁ}\];sﬁ;e:;iplfggeﬁf:;?g Potential increase in electromagnetic
[75-77] ) Fa§t transiegn t resp onse ’ interferences with the increase in
ponse. . switching stages.

- Can be more accurate if non-ideal parameters are

accounted for Lower power levels lead to

' reduced efficiency.
- Allows for very high step-down ratios.
- Reduction in the ON time of the converter leads to .
Control requirements are complex.
Superimposed QB better energy management and less losses. Higher cost, complexity, and number
P - Peak efficiency of 94% thanks to the parallel ! !
[55,78] of components.

distribution of power.
Duty-ratio-based inductor size improvement
technique can be employed.

Efficiency is prejudiced at light loads.

It is important to highlight that in this efficiency assessment, the semiconductors
of each converter are considered ideal. Also, considering the application scope of the
power converters, there was a need to include the electrical model of the electrolyzer in
the simulations, which is displayed in Figure 12, along with the values of the components
that compose this model. Therefore, it was possible to analyze the behavior of the distinct
power converters with a more realistic electrical model of the electrolyzer, as opposed to
the use of a resistor, which is the simplest model but does not guarantee as much accuracy
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(although it is used in some studies available in the literature). Through the analysis and
comparison of several other papers [79-83], the mentioned values were found, and they
are displayed in Figure 12.

Ret =0.8179 Q)
Car=5mF
Rohm =2.196 Q)
Viev=123V

Vel

Figure 12. Electrolyzer model and its characteristics.

According to the aforementioned, some simulation results are presented in order
to demonstrate the advantages/disadvantages of the analyzed converters, along with a
simplified assessment of each converter’s efficiency under the circumstances specified in
each converter diagram, shown in Figure 13.

Table 4 presents the values used in the simulations of the analyzed PE converter topologies.

Table 4. Passive element values used in the simulation process.

Converter Topology Resistors Capacitors Inductors

R1.1=10mQ L1.1=15uH

(a) Dual Active Bridge R1.2=350 Cl=12 uF L1.2=10 uH
R1.3 =10 mQ) L13=15uH

_ B L2.1=15uH

(b) Standard Buck R2 =10 mQ) C2 =500 uF 122=5uH
3 B L31=15uH
(¢)  Synchronous Buck R3=10mQ C3 =10 uF 13.2 =250 uH
L4.1=1uH

L42=1uH

R4.1=10mQO C4.1=10 puF
(d) Stacked Buck B _ Ls =100 uH
R4.2=10mQ C4.2 =200 uF Lp = 100 uH
M=5uH

B L51=6 pH

(€ Quadratic Buck R5 =10 mO) oy Sk 152=15uH
=R L5.3 = 50 uH

C6.1 =0.33 uF L6.1=15uH

uperimposed Quadratic Buc =10m 2=1p 2= W
(f)  Superimposed Quadratic Buck R6 =10 mQ) C6.2=1pF L6.2 =200 pH
C6.3 = 680 uF L6.3 =200 pH
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Figure 13. Simulation results:
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(a) dual active bridge converter; (b) standard buck con-

verter; (c) synchronous buck converter; (d) stacked buck converter; (e) quadratic buck converter;

(f) superimposed quadratic buck converter.
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5. Conclusions

Hydrogen alone will not solve the problems that the world faces regarding greenhouse
gas emissions, but it can be part of the solution, through the investigation, development,
and deployment of more sustainable solutions for hydrogen production, storage, and usage.
The use of renewable energy sources is highly dependent on the evolution of energy storage
techniques, and H; is presented as a promising alternative since it is the most abundant
element in the universe. Considering this statement, it becomes imperative that engineers
and researchers worldwide determine the best ways to make the most out of this gas,
without harming the planet that we live on and at the same time ensuring benefits similar
to those that we have been enjoying, such as energy and resources, that are traditionally
produced/obtained from fossil fuels or in ways that are negative for the environment.

There are several ways to produce H, and the main ones are analyzed and presented
in detail, with a focus on their advantages and disadvantages, which is an important
output to highlight since they are summarized and compared in this review paper. Some
of these technologies for producing H are still in a preliminary stage, which means that
there is much more room to either strengthen our knowledge of these newer technologies
or to expand the other techniques that have already been industrialized and find better
ways to use them in order to have more efficient and effective methods of producing this
promising gas. As concerns G-Hj, it is expected that through more research, development,
and investment, its costs will decrease to prices that are the same as, if not lower than, the
price of Hy produced from fossil fuels. This would then lead to the worldwide adoption of
Hj; in various industries and processes, as aforementioned, with the objective of reaching
the 55% minimum reduction in CO; emissions in 2030 and the net-zero carbon goals set
for 2050.

Power electronics technologies for G-H;, production are indispensable, and their
weaknesses and strengths have been analyzed. This work intended to emphasize the role
of power electronics, and the main focus of this review was related to the production of
G-H;. Thus, no topology was referred to as the best or the worst, because the suitability of
a topology depends on the final application, the available means, and the manufacturing
costs, among other factors. One distinguished and important factor to be noted is that
all the aforementioned power electronics converter topologies ensure low output current
ripple, either intrinsically or through the application of external filters to limit it. Regarding
the power electronics converter topologies, the standard buck, the dual active bridge
(including different configurations according to different contexts), the synchronous buck,
the stacked buck, the quadratic buck, and the superimposed quadratic buck were presented
in detail. A comprehensive comparison between all of them was established. The standard
buck converter is also featured in this review paper because, even though it may be a
less effective converter due to the fact that it still introduces ripple in the output current,
through the implementation of filters, it can still have a decent behavior, and thereby, when
its reduced cost is considered, it still may be seen as a viable option for simpler applications.
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