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Abstract: Hydrogen energy is regarded as an ideal solution for addressing climate change issues
and an indispensable part of future integrated energy systems. The most environmentally friendly
hydrogen production method remains water electrolysis, where the electrolyzer constructs the
physical interface between electrical energy and hydrogen energy. However, few articles have
reviewed the electrolyzer from the perspective of power supply topology and control. This review
is the first to discuss the positioning of the electrolyzer power supply in the future integrated
energy system. The electrolyzer is reviewed from the perspective of the electrolysis method, the
market, and the electrical interface modelling, reflecting the requirement of the electrolyzer for power
supply. Various electrolyzer power supply topologies are studied and reviewed. Although the
most widely used topology in the current hydrogen production industry is still single-stage AC/DC,
the interleaved parallel LLC topology constructed by wideband gap power semiconductors and
controlled by the zero-voltage switching algorithm has broad application prospects because of its
advantages of high power density, high efficiency, fault tolerance, and low current ripple. Taking into
account the development trend of the EL power supply, a hierarchical control framework is proposed
as it can manage the operation performance of the power supply itself, the electrolyzer, the hydrogen
energy domain, and the entire integrated energy system.

Keywords: hydrogen electrolyzers; power supply; interleaved parallel topology; hierarchical control
framework; future integrated energy system

1. Introduction

The future energy system demands high stability, high efficiency, and carbon neutral-
ity [1–4]. Hydrogen energy has gained widespread attention worldwide due to its rich
sources, its ecological friendliness, its high calorific value, its diverse storage and trans-
portation methods, and its diverse application scenarios. As a zero-carbon energy carrier,
hydrogen energy plays an increasingly important role in addressing the problem of climate
change [5]. According to the production methods, the hydrogen energy is classified mainly
as grey hydrogen, blue hydrogen, and green hydrogen. The hydrogen energy produced
through the conversion reaction of fossil fuels is called grey hydrogen due to the production
of certain carbon emissions during the process; the hydrogen energy obtained by extracting
carbon using technologies such as carbon capture and carbon sequestration (CCUS) based
on grey hydrogen is called blue hydrogen; and hydrogen production through electrolysis
of water using renewable energy sources such as photovoltaic and wind power is known as
green hydrogen, which produces almost no greenhouse gas during the process [6]. Green
hydrogen is the most ideal form for hydrogen energy use, but because of its high technical
threshold and cost, further development is needed to achieve large-scale applications. Blue

Energies 2024, 17, 935. https://doi.org/10.3390/en17040935 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17040935
https://doi.org/10.3390/en17040935
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0000-5019-1632
https://doi.org/10.3390/en17040935
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17040935?type=check_update&version=2


Energies 2024, 17, 935 2 of 36

hydrogen, as a transitional technological means, can accelerate the development of a green
hydrogen society. Due to its low production cost and mature technology, grey hydrogen is
still the most common hydrogen production method at present [7].

For national or regional entities, the reduction in carbon emissions, the assurance
of energy security, and the achievement of economic growth are the main driving forces
for the development of hydrogen energy. Many countries have provided official policy
support. For example, China positions hydrogen energy as an important component of
the future national energy system and a crucial carrier for energy terminals to achieve
a green and low carbon energy transformation [8]. The United States regards hydrogen
energy as a strategic reserve technology and maintains competitiveness through continu-
ous technological research and development and the creation of centralised fuel cell (FC)
demonstration applications in California [9]. European countries view hydrogen energy
as an important carrier for deep decarbonisation and the achievement of clean energy
transformation. In addition, they are continually expanding the application of clean hy-
drogen energy in industries, construction, and other fields to accelerate the reduction
in carbon emissions [10–13]. The main driving force for Japan’s development of hydro-
gen energy is to achieve a diversified energy supply and ensure energy security [14].
Based on energy security and low-carbon development, South Korea plans to make hy-
drogen energy the third largest industry with global strategic competitive advantages
after displays and semiconductors and promote economic growth through the global
output of FC technology [15]. Traditional energy-exporting countries such as Australia,
Russia, and Saudi Arabia hope to achieve economic growth through hydrogen energy
exports [16,17]. Table 1 summarises the policy documents of some countries for the devel-
opment of hydrogen energy.

Table 1. Policies on hydrogen energy.

Countries Issued Date Title of the Policy Document

China 2022 Medium and long-term plan for the development of hydrogen energy
industry (2021–2035) [8]

USA 2022 The U.S. National Clean Hydrogen Strategy and Roadmap [9]

European Union 2022 Strategic Research and Innovation Agenda 2021–2027 [10]

Japan 2022 The 6th Strategic Energy Plan [14]

Russia 2021 Action Plan for the Development of Hydrogen Energy in the Russian
Federation by 2024 [16]

UK 2021 UK Hydrogen Strategy [11]

Germany 2020 The National Hydrogen Strategy [12]

France 2020 The National Strategy for the Development of Carbon-Free Hydrogen
Energy [13]

Australia 2018 National Hydrogen Roadmap [17]

The hydrogen energy industry chain covers multiple aspects of industry and civi-
lization [18], as presented in Figure 1. Downstream of the industrial chain is the field of
application, including hydrogen FC transportation, industry, energy storage, and building
heating–power cogeneration. The middle layer includes hydrogen storage and transporta-
tion. Hydrogen can be stored as high-pressure gaseous, low-temperature liquid, organic
liquid, and solid materials. Among them, gaseous hydrogen is currently the main storage
method and can be transported using long tube trailers for short-distance and small-scale
scenarios, and pipeline transportation, which has a large volume and low operation cost,
but the construction investment is large.
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Figure 1. Industrial chain of hydrogen energy.

The upstream chain of the hydrogen energy industry chain mainly includes fossil
energy reforming, industrial by-product gas, water electrolysis (WE), and other technologies
in the experimental stage. Among them, fossil energy reforming is currently the most
popular method for hydrogen production, with the lowest cost but emitting a significant
amount of carbon dioxide; hydrogen production from industrial by-product gas cannot
be applied as a centralised source of hydrogen supply. The process of WE has no carbon
emissions, currently accounting for a relatively low proportion, as the cost is higher than
the other methods [18]. However, WE becomes increasingly attractive, as the process can
effectively absorb fluctuating power electricity such as wind and photovoltaic power.

The electrolyzer (EL) is the key equipment and is the interface between electrical energy
and hydrogen energy in the WE process. Most of the currently published reviews related
to EL focus mainly on the principle of the electrolytic reaction and the effect of catalysts
in the chemical domain, e.g., [19–24]. Few papers focus on the coupling of the electrical
and chemical domains in the EL and analyse the power supply of the electrolytic cell from
the perspective of power electronic topology and integrated energy system control. Some
conventional DC/DC converter topologies are summarised in [25,26], yet not all of them are
specially designed for the EL. Although the voltage step-down ratio and the output current
ripple are compared with respect to the duty cycle, all converters are controlled by classical
pulse width modulation (PWM). The comparison results in [25,26] are not applicable to
other widely applied topologies, such as resonant converters, which are usually regulated
by a soft-switching control algorithm. Furthermore, these reviews focus only on the control
of the power supply itself, ignoring the influence of other components in the EL and the
coordinated operation of the whole integrated energy system. The characteristics of other
reviews on ELs are summarised in Table 2. The pros and cons of the review are highlighted
with bullet point symbol and lozenge symbol, respectively.

Table 2. Characteristics of other related reviews on ELs.

References Characteristics

[19–24] • Focus mainly on the chemical domain performances and modeling of specific WE methods,
such as the principle of electrolytic reaction and the effect of catalyst.

• The challenges related to electrode, catalyst, and membrane materials are addressed.
⋄ Power supplies are simulated using ideal current sources.
⋄ Performances and coordinated control of the power supply are ignored.

[25,26] • Converter topologies for ELs are analysed and reviewed.
• Performances such as the voltage step-down ratio and the output current ripple are

compared with respect to the duty cycle.
⋄ The scope of the converter topologies reviewed is limited to the classical PWM controlled

types.
⋄ Many novel topologies that have been widely applied now, such as soft-switching resonant

converters, are not included in the discussion.
⋄ Control of the power supply itself is presented, but the influence of other components

in the EL and the coordinated operation of the entire integrated energy system are not
reviewed.

Compared to the reviews mentioned above, this article studies ELs from the perspec-
tive of power supply topologies and control. The requirements of EL for power supply
systems are refined through a detailed investigation of polarisation and hydrogen produc-
tion efficiency modelling. Various types of power supplies, including both conventional
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PWM-controlled types and novel soft-switching resonant types, are comprehensively re-
viewed in terms of topology, features, control types, etc. On the basis of the trend of
development of the EL and its positioning in the future integrated energy system, the
interleaved parallel topology and the hierarchical control framework are proposed to be the
ideal choice for EL power supplies. The structure of this review is shown in Figure 2. After
a brief introduction to the general background, related policies, and industrial chain of hy-
drogen energy, the four main WE methods and the status of the EL market are investigated
in Section 2. The thermodynamics and electrochemical model, the empirical model and the
hydrogen production efficiency model are reviewed, based on which the characteristics
requirement of the EL power supply is derived in Section 3. Different types of power supply
topologies that meet the requirements of the EL are categorised and analysed in Section 4.
The control framework for the EL power supply as part of the future integrated energy
system is introduced in Section 5. Finally, Section 6 provides a summary and prospects for
future research on the power supply system.

Figure 2. Structure of this review.

2. Hydrogen Electrolyzer
2.1. Water Electrolysis Methods

Currently, there are four main WE methods, including alkaline (ALK) WE, proton
exchange membrane (PEM) WE, solid oxide (SOE) WE, and anion exchange membrane
(AEM) WE [19,20]. Among them, ALK WE was the first industrialised, with the most
mature technology and industry chain. PEM WE technology has developed gradually in
recent years, and its market share has been continuously increasing. Both the AEM WE and
SOE WE technologies are still in the laboratory stage, and there is still a certain distance
from commercialisation [27].

The principle of ALK WE is presented in Figure 3a. The two electrodes are separated
by an airtight diaphragm. To maximise ion conductivity, both the electrode and diaphragm
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are immersed in a high-concentration ALK liquid electrolyte, with a solute typically KOH
or NaOH, and a typical operating temperature range of 70 to 90 degrees Celsius. Water
molecules undergo a reduction reaction at the cathode and decompose into hydroxide and
hydrogen ions. Hydrogen ions combine with electrons to generate hydrogen gas, which is
discharged from the cathode. Hydroxide ions pass through the diaphragm and undergo an
oxidation reaction at the anode under the action of an electric field established by the EL
power supply, generating oxygen and electrons. As a result of the high concentration of
gas products released from the electrode, which can reduce the electrolysis efficiency, it is
necessary to use a porous structure and maximise the contact area between the electrode
plate and the liquid electrolyte when designing the electrode. During operation, the
temperature gradient and precipitation of gases within the electrolyte will promote the
flow of electrolytes and establish convective circulation. The movement of this electrolyte
helps make the concentration of chemical substances in the electrode pores more uniform,
further promotes the precipitation of gas products, and improves the heat transfer rate and
the heat dissipation effect of the electrolysis unit. Details about the operating principle of
ALK WE can be found in [22]. ALK WE technology is easy to deploy and apply quickly to
solve the problem of renewable energy consumption in the near future [28].

Figure 3. Scheme of the operating principle of (a) ALK WE; (b) PEM WE; (c) SOE WE; (d) AEM WE.

In the PEM WE process, as presented in Figure 3b, the electrolyte is an airtight, thin
PEM. Because of the functional groups of sulfonic acid, the PEM has a cross-linked structure
and strong acid properties. These functional groups conduct proton conduction through
ion-exchange mechanisms. The EL adopts a bipolar configuration, with a bipolar plate
supporting the membrane electrode and the gas diffusion layer to converge the gas and
conduct electrons. The membrane electrode component is composed of an electrode made
of precious metals such as platinum or iridium and a PEM. During operation, water
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molecules undergo oxidation reactions at the anode to generate oxygen, electrons, and
protons. Oxygen is precipitated at the anode, and electrons are transmitted to the cathode
through an electrical circuit. Under the action of the electric field, protons circulate through
the PEM to the cathode and react with electrons to synthesise hydrogen. PEM EL uses PEM
as solid electrolytes instead of separators and liquid electrolytes in ALK EL and uses pure
water as a raw material to avoid potential alkaline pollution and corrosion problems [29].

The operation principle of the SOE EL and the AEM EL are presented in Figures 3c and 3d,
respectively. The electrolysis reaction in the SOE EL is performed at a high temperature. In
comparison to the electrolysis of water at low temperatures, SOE can theoretically provide
a higher energy conversion efficiency. High-temperature water vapour reacts at the cathode
of SOE EL, and water molecules obtain electrons to generate hydrogen and ionise oxygen
ions. Oxygen ions are directed to the anode in an electrolyte composed of conductive
ceramic materials and oxidised to form oxygen. In AEM EL, water molecules participate
in the reducting reaction on the cathode side to obtain electrons and generate hydroxide
ions and hydrogen. After reaching the anode through AEM, hydroxide ions participate
in the oxidation reaction to lose electrons and generate water and oxygen. Similar to
ALK, a certain amount of alkaline solution is needed to add to the AEM electrolyte to
improve efficiency. Table 3 compares ALK, PEM, and SOE methods in terms of reaction
equations, single device capacity, current density, power consumption efficiency, hydrogen
purity, operation temperature, dynamic response speed, and development status. Since
only a few companies are trying to commercialise AEM EL, relevant data are relatively
scarce, so AEM is not involved in the discussion.

Table 3. Comparison of alkaline (ALK), proton exchange membrane (PEM), and solid oxide (SOE)
water electrolysis (WE) methods (data collects from [19–24,27–32]).

ALK WE PEM WE SOE WE

Anode Reaction 2OH− → H2O +
1
2

O2 + 2e− H2O → 2H+ +
1
2

O2 + 2e− O2− → 1
2

O2 + 2e−

Cathnode Reaction 2H2O + 2e− → H2 + 2OH− 2H+ + 2e− → H2 H2O + 2e− → H2 + O2−

Device Capacity 0.5∼1000 N·m3/h 0.01∼500 N·m3/h /

Current Density 0.2∼0.4 A/cm2 1.0∼2.0 A/cm2 1.0∼10.0 A/cm2

Power Consumption 4.5∼5.5 kW·h/(N·m3) 3.8∼5.0 kW·h/(N·m3) 2.6∼3.6 kW·h/(N·m3)

Hydrogen Purity ≥99.8% ≥99.99% /

Operation Temperature 70∼90 ◦C 70∼80 ◦C 600∼1000 ◦C

Dynamic Response In several minutes In several seconds Very slow

Development Status Product Product Prototype

Device Cost 0.08 $/(N·m3), 30% 0.57 $/(N·m3), 77% /

Power Cost 0.19 $/(N·m3), 70% 0.17 $/(N·m3), 23% /

Total Cost 0.28 $/(N·m3) 0.74 $/(N·m3) /

ALK ELs are suitable for large-scale hydrogen production thanks to its mature devel-
opment status and large device capacity [30]. However, the diaphragm used in ALK EL
is made of porous material, making the gas easy to penetrate and causing high electrical
energy loss. Load changes can also cause an imbalance in the pressure of the electrode,
increasing the risk of explosion as a result of excessive hydrogen permeation. ALK elec-
trolytes will react with carbon dioxide in the air to form insoluble carbonates, hindering the
convective transfer of products and reactants and affecting the electrolysis efficiency. The
dynamic response of ALK ELs is usually in several minutes, making it difficult to cooperate
with high-volatility renewable energy generation, such as wind or solar energy generation.

The PEM is thinner and has a stronger proton conductivity compared to that of the
diaphragm used in the ALK EL. The internal structure of the PEM EL is more compact,
which helps reduce the ohmic resistance. The hydrogen gas generated in PEM EL will
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not introduce alkali mist, which is beneficial for improving the quality of the hydrogen
gas [31]. More importantly, the gas permeability of PEM is low, helping to prevent the
cross-permeation of hydrogen and oxygen gases, ensuring the purity of the product and
the safety of the operation of the equipment [32].

With the increase in temperature, the demand of electrolysis reaction for temperature
increases, but the demand for electrical energy decreases. SOE can make full use of heat
energy when operating at high temperature, thus reducing the consumption of electrical
power. Therefore, the power consumption efficiency of the SOE EL is higher than that of
ALK and PEM. However, the operating temperature of up to thousands of degrees Celsius
also limits the development of the SOE hydrogen production scenario. In addition, the
start–stop dynamic response time of SOE is very slow and is difficult to deploy in a system
powered by renewable energy. At present, SOE EL products have not been commercialised.

In general, PEM EL is smaller, more compact and scalable than ALK EL, with higher
current density, efficiency, hydrogen purity, faster response speed, and better compatibility
with distributed energy generation such as wind and solar power [33]. Even though SOE
EL performs better in current density and power efficiency in a laboratory experiment,
these advantages have not been further verified by the industry, and it takes decades for
commercialisation. PEM EL is a better choice for coordination with increasingly penetrating
renewable energy. Currently, the disadvantage of PEM lies in its device cost, but it is
expected to be further reduced with the development of FCs as PEM EL and PEM FC share
most supply chains [21,34].

2.2. EL Market

The EL market today is dominated by ALK ELs and PEM ELs. Geographically, most
EL manufacturers are located in western Europe, the United States, and China [35,36].
Table 4 summarises the annual EL production capacity of the main manufacturers and their
market share for 2022 and 2023. The global production capacity of ELs in 2022 is 15.4 GW.
In 2023, the production capacity is approximately doubled, reaching more than 31 GW.

From the perspective of the EL type, the proportion of ALK EL in 2022 was 72.1%.
Although its capacity increases by 80.2% in 2023, the proportion of ALK EL decreased
to 64.3% due to the higher growth rate of the PEM EL capacity (158.1%). Due to the
longer development history and more mature technology of ALK EL, there are more new
manufacturers in 2022 than in 2023. Relatively speaking, the technical threshold of PEM
EL is relatively high, and there are few new manufacturers, but many manufacturers
that master PEM technology have greatly increased their production capacity owing to
the advantages of research and development, such as Plug Power, ITM Power, Ohmium,
Cummins, and Siemens Energy. The technical level of PEM EL is developing rapidly in
response. The annual global manufacturing capactity of ELs is expected to increase to
242 GW by 2030, and PEM EL will account for the largest market share [35–37].

As presented in Figure 1, the EL is located in the upper part of the hydrogen energy
industry chain, and its production capacity will be affected by the level of development
in the middle and lower reaches of the industrial chain, especially the application of
hydrogen energy. With the development of hydrogen energy in the automotive and
chemical industries, the market demand for ELs will also continue to increase. At present,
the cost of WE hydrogen production is higher than that of grey hydrogen production, and
the development of ELs also depends on the strength of the policy support. The promotion
of the carbon market and the further maturation of the new energy generation support
facilities are conducive to the expansion of the market share of ELs. Under the guidance
of zero-carbon policies, fossil energy is facing more stringent carbon emission restrictions,
and EL benefits from its zero carbon emissions in the whole process, which will occupy a
more important position in the global energy industry.
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Table 4. Annual electrolyzer (EL) manufacturing capacity (data collects from [35–37]).

Manufacturer EL Type Capacity
(2022)

Proportion
(2022)

Capacity
(2023)

Proportion
(2023)

Capacity
Growth Rate

Longi (Xi’an, China) ALK 1.5 GW 9.7% 2.5 GW 8.0% 66.7%
John Cockerill (Seraing, Belgium) ALK 1.0 GW 6.5% 2.5 GW 8.0% 150.0%
ThyssenKrupp (Essen, Germany) ALK 1.0 GW 6.5% 1.5 GW 4.8% 50.0%

PERIC (Beijing, China) ALK 1.4 GW 9.1% 1.4 GW 4.5% 0%
HydrogenPro (Telemark, Norway) ALK 0.3 GW 1.9% 1.3 GW 4.2% 333.3%

Auyan (Qingdao, China) ALK 1.0 GW 6.5% 1.0 GW 3.2% 0%
Sungrow (Hefei, China) ALK 1.0 GW 6.5% 1.0 GW 3.2% 0%

GuofuHee (Zhangjiagang, China) ALK 0.5 GW 3.2% 1.0 GW 3.2% 100.0%
NEL (Oslo, Norway) ALK 0.5 GW 3.2% 0.5 GW 1.6% 0%

SinoHy Energy (Beijing, China) ALK 0.5 GW 3.2% 0.5 GW 1.6% 0%
Sunfire (Dresden, Germany) ALK 0.2 GW 1.3% 0.5 GW 1.6% 150.0%
Kohodo (Shenzhen, China) ALK 0.2 GW 1.3% 0.5 GW 1.6% 150.0%

Green Hydrogen System (Kolding, Denmark) ALK 0.1 GW 0.6% 0.4 GW 1.3% 300.0%
Kylin Tech (Shenzhen, China) ALK 0.3 GW 1.9% 0.3 GW 1.0% 0%

McPhy (Grenoble, France) ALK 0.1 GW 0.6% 0.3 GW 1.0% 200.0%
Others (ALK) ALK 1.5 GW 9.7% 5.0 GW 16.1% 233.3%

Plug Power (Latham, NY, USA) PEM 1.0 GW 6.5% 3.0 GW 9.6% 200.0%
ITM Power (Sheffield, UK) PEM 1.0 GW 6.5% 2.5 GW 8.0% 150.0%

Ohmium (Fremont, CA, USA) PEM 1.0 GW 6.5% 2.0 GW 6.4% 100.0%
Cummins (Columbus, IN, USA) PEM 0.6 GW 3.9% 1.6 GW 5.1% 166.7%

Siemens Energy (Munich, Germany) PEM 0.3 GW 1.9% 1.3 GW 4.2% 333.3%
PERIC (Beijing, China) PEM 0.1 GW 0.6% 0.1 GW 1.9% 0%
Sungrow (Hefei, China) PEM 0.1 GW 0.6% 0.1 GW 1.9% 0%

NEL (Oslo, Norway) PEM 0.1 GW 0.6% 0.1 GW 1.9% 0%
Others (PEM) PEM 0.1 GW 0.6% 0.4 GW 1.9% 300.0%

Total / 15.4 GW 100% 31.1 GW 100% 101.9%
Total (ALK) ALK 11.1 GW 72.1% 20.0 GW 64.3% 80.2%
Total (PEM) PEM 4.3 GW 27.9% 11.1 GW 35.7% 158.1%

3. Electrical Interface Modelling of EL
3.1. Thermodynamics and Electrochemical Models

In the thermodynamic model of WE, the change in enthalpy ∆H, the change in
entropy ∆S, and the change in Gibbs free energy of the water decomposition reaction ∆G
are expressed as [38]

∆G = ∆H − T ∆S (1)

where T is the temperature.
Under standard conditions (25 degrees, 1 bar), the decomposition of water is a non-

spontaneous reaction, which means that the change in Gibbs free energy is positive. The
total energy required for water electrolysis is equal to the enthalpy change ∆H, which is
related to the thermal equilibrium voltage Uth:

Uth =
∆H
z F

(2)

where z is the number of electrons transferred in the reaction (z = 2 when producing 1 mole
of hydrogen), and F is the Faraday constant (F = 96,485 C/mol). The thermal equilibrium
voltage varies with temperature and pressure. Under standard conditions, Uth = 1.482 V.
Electrolytic reactions only occur when the voltage is higher than the thermal equilibrium
voltage [39].

Electrochemical modelling is the core of EL modelling [23]. Various electrochemical
models for ELs that consider different factors, such as temperature and pressure, are thus
far proposed. Among these models, the polarisation curve (current-voltage curve) is an
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important indicator for measuring the characteristics of ELs. This article does not dive
into the modelling process in depth but focusses on the electrical parameter related to
the design of the EL power supply. In most electrochemical models, the electrolysis unit
voltage Vcell is mainly composed of reversible voltage Vrev, activation overpotential Vact,
and ohmic overpotential Vohm [24]:

Vcell = Vrev + Vact + Vohm (3)

The input voltage of the EL port with n units connected in series is

Vin = n Vcell (4)

The derivation of the reversible voltage Vrev and the activation overpotential Vact in
the ALK EL modelling is the same as in the PEM EL modelling. Vrev is the minimum unit
voltage required to achieve electrolysis conditions of water [40], determined by

Vrev =
∆G
z F

(5)

Under standard conditions, Vrev = V0
rev = 1.229 V. The reversible voltage considering the

influence of actual working temperature and pressure is given by the Nernst Equation [41]:

Vrev = V0
rev +

R T
z F

ln (
PH2 PO2

0.5

αH2O
) (6)

where R is the gas constant, αH2O represents the water activity, and PH2 and PO2 are the
partial pressures of hydrogen and oxygen, respectively.

The energy loss during the transfer of charge from the reactor to the electrode is the
activation energy, which can be reduced by using appropriate catalysts. The activation
overpotential Vact is caused by an electrochemical reaction and is related to the activation
energy. Vact increases logarithmically with current density and is strongly correlated with
the electrocatalytic activity of the electrode material. In most cases, the activation overpo-
tential of the anode is higher than that of the cathode. Assuming that the concentration of
substances on the surface of the electrolyte and electrode is the same and that the charge
transfer coefficients of the cathode and anode are equal, the activation overpotential can be
approximately derived from the electrochemical reaction kinetics equation:

Vact,k =
R T

z αk F
ln (

J
J0,k

) (7)

where J0,k represents the exchange current density of electrode k; αk is the charge transfer
coefficient.

During the reaction process of ALK EL, electrons will first be transferred to the cathode
through the electrode plate, and a reduction reaction will occur on the surface of the cathode.
Then, the hydroxide ions generated pass through the electrolyte and are transferred from
the membrane to the anode, thereby participating in the oxidation reaction. Therefore, the
ohmic resistance in ALK ELs can be divided into anode resistance Ra, cathode resistance
Rc, electrolyte resistance Rele, diaphragm resistance Rmem, and bubble resistance Rbubble
based on the migration paths of electrons and ions [42,43]:

Vohm = (Rc + Ra + Rele + Rmem + Rbubble) I (8)

where
(1) The electrode resistance is usually calculated by the conductivity of the anode and

cathode:
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
Ra =

1
δa

(
La

Aa
),

Rc =
1
δc

(
Lc

Ac
).

(9)

where the subscripts a and c represent the anode and cathode, respectively; Aa and Ac
represent cross-sectional areas; La and Lc represent electrode thickness; and δa and δc
represents the electrode conductivity.

(2) The electrolyte resistance is calculated as follows:

Rele =
1

δele
(

dam

Aa
+

dcm

Aa
). (10)

where dam and dcm are the gaps between the electrode and the diaphragm, and reducing
the electrode gap helps to reduce the electrolyte resistance. δele represents the conductivity
of the electrolyte, which increases monotonically with increasing temperature, while there
exists a maximum point as the molar concentration increases. This means that for each
temperature, there is an optimal molar concentration that maximizes ion conductivity, and
the optimal molar concentration value will gradually increase with increasing temperature.

(3) The resistance of the diaphragm is related to its own structural characteristics and
electrolyte conductivity:

Rmem =
δm τm

pm δele Am
, (11)

where δm is the thickness of the diaphragm, pm is the porosity of the diaphragm, τm repre-
sents the curvature of the diaphragm, and Am is the cross-sectional area of the diaphragm.
The relationship between the porosity and curvature of porous membranes is shown in the
following equation.

τm =
(2 − pm)2

pm
. (12)

The diaphragm resistance can also be approximated as a function of its own thickness
and conductivity.

Rmem =
δm

σm
(13)

and

σm = (0.005139 λm − 0.00326) exp
[

1268 (
1

303
− 1

T
)

]
(14)

where σm represents the conductivity of the diaphragm, and λm represents the humidity of
the diaphragm, which describes the concentration of water in the membrane.

(4) The bubble resistance can be expressed as

Rbubble = Rele

 1

(1 − 2
3

θ)3/2
− 1

 (15)

where θ is the bubble coverage rate used to estimate the impact of bubbles on the electrode
surface, which can be represented by the effective electrode surface area Se f f and the total
electrode surface area S:

θ =
S − Se f f

S
. (16)

In different parts of the conductive circuit of the PEM EL, the PEM film has the
smallest conductivity, so the ohmic overpotential can only consider the influence of the
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film resistance, as described by Equation (13). Some articles also consider the electrode
impedance Rele [20], and the equivalent resistance can be written as

Req = Rmem + Rele. (17)

3.2. Empirical Model

Empirical models can more intuitively describe the relationship between the voltage
and current in the EL, helping in the design of efficient and high-quality power supply
systems [44]. The empirical model of ALK EL widely used at a given temperature is [45,46]

Vcell = Vrev +
r
A

I + s log(
t
A

I + 1) (18)

where r is a parameter related to ohmic resistance, and s and t are the electrode overpotential
coefficients. Considering the influence of temperature on the overpotential, the relationship
between the electrolytic current and electrolytic unit voltage can be further refined. Based
on the above equation, the corrected empirical model is

Vcell = Vrev +
r1 + r2 T

A
I + s log(

t1 + t2/T + t3/T2

A
I + 1). (19)

A systematic strategy for obtaining the optimal parameters in Equation (19) is devel-
oped in [47]. The parameters of the polarisation curve and their values are summarised in
Table 5. Figure 4 presents the comparison of ALK cell voltage derived from the empirical
model Equation (19) and experiment data from [47], verifying that the empirical modelling
can basically fit the measured results.

Table 5. Polarisation curve parameters of the empirical model.

Parameters Value Parameters Value Parameters Value

t1 −1.002 A−1·m2 t2 8.424 A−1·m2·◦C t3 247.3 A−1·m2·◦C2

r1 8.05 × 10−5 Ω·m2 r2 −2.5 × 10−7 Ω·m2·◦C−1 s 0.185 V

k 0.226 A−1· cm2·V b 1.416 V

Figure 4. Comparison of ALK cell voltage derived from empirical model and experiment; data taken
from [47].
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In addition, a first-order linear function is proposed as a a simple empirical model for
PEM EL [48]:

Vcell = k · I
A

+ b (20)

where k and b represent the slope and the intercept, respectively.
Figure 5 presents the polarisation curve developed from the electrochemical model

based on the results in [24,49]. Cell voltage is separated into several parts, including
reversible potential and various overpotentials, as demonstrated by Equation (3). In
comparison, the empirical model, Equation (20), is plotted with a red dashed line in the
same figure. The parameters applied, k and b, are also summarised in Table 5. The empirical
model fits the electrochemical model very well in high current density, though it is not very
accurate when the current density is low.

Figure 5. Comparison of PEM cell voltage derived from thermodynamic model and empirical model;
data taken from [24,49].

3.3. Hydrogen Production Efficiency Model

Most of the input current of the EL is consumed during the electrolysis reaction,
whereas a small portion of the current is bypassed through the electrolyte pathway because
of the conductivity of the electrolyte. These bypass currents are referred to as parasitic
currents, which can reduce efficiency. The loss of efficiency caused by the parasitic current
is usually represented by the Faraday efficiency (or current efficiency), which is defined as
the ratio of actual hydrogen production to theoretical hydrogen production. The parasitic
current is positively correlated with temperature but negatively correlated with current
density, whereas the Faraday efficiency is the opposite. The empirical model of the Faraday
efficiency is constructed by the electrode area A and empirical coefficients f1 and f2 [47].

The Faraday efficiency curve of an ALK EL developed by Equation (21) with parame-
ters listed in Table 6 is presented in Figure 6. The Faraday efficiency increases to close to
98% with increasing current density. A high temperature results in a drop to some extent in
the Faraday efficiency.

ηF =
(I/A)2

f1 + (I/A)2 f2. (21)
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Table 6. Efficiency curve parameters.

Parameters Set-Point 1 Set-Point 2 Set-Point 3 Unit

T 40 60 80 ◦C

f1 150 200 250 mA2·cm−4

f2 0.990 0.985 0.980 /

Figure 6. Faraday efficiency curve of an ALK EL; data taken from [47].

According to Faraday’s law, the rate of hydrogen generation in an EL is directly
proportional to the transfer rate of electrons on the electrode, which in turn is equivalent to
the current provided by the power supply. Therefore, the total rate of hydrogen production
in an EL composed of several serial connected cells can be expressed as

ηH2 = ηF
nc I
z F

. (22)

Some other indicators that can be used to evaluate the electrolysis efficiency of ALK
EL are summarised in [23], including energy efficiency, voltage efficiency, and thermal
efficiency. The overall efficiency trend of the PEM EL related to the current density and
temperature is presented in [50]. Figure 7 compares the Faraday efficiency and the overall
efficiency curves of a PEM EL based on the results in [24]. The overall efficiency gradu-
ally decreases with increasing current density if current density is higher than a certain
optimal point.

Figure 7. Faraday efficiency and overall efficiency curves of a PEM EL [24].

Research on improving electrolysis efficiency includes the following aspects [50]:

• Improving operating conditions, including the application of forced electrolyte flow
and increasing reaction temperature and pressure;

• Improve the structure of ELs, such as zero gap ELs, membrane free ELs, etc.;
• Optimise diaphragm materials;
• Improve catalyst effectiveness;
• Change the physical field of operation.
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3.4. Characteristic Requirements of EL Power Supply

The design objective of the EL power supply is to maximise electrolysis efficiency,
improve hydrogen production purity, and extend the lifetime while meeting the polarisation
curve of the EL.

The input voltage of the EL is related to the current density and temperature. Accord-
ing to the polarisation curve model, as the current density increases, the voltage at the EL
port increases. If the current density remains unchanged, the port voltage decreases as the
temperature increases. During the hydrogen production process, the electrolysis current
changes within a certain range, and the port voltage also changes accordingly. Therefore,
the output voltage of the electrolysis cell power supply needs to be adjustable within a
certain range.

At a certain temperature, there exists a maximum point for electrolysis efficiency
with respect to the input current density, for example, the energy efficiency is highest at a
current density of approximately 0.5 A/cm2 in a PEM EL. The hydrogen production rate is
positively correlated with the current density. Therefore, it is necessary to adjust the input
current according to the requirements of the system for electrolysis efficiency and hydrogen
production rate [51].

The ripple of the electrolytic current can cause fluctuations in the production of
hydrogen per unit of time, increasing the ohmic polarisation resistance of PEM ELs and
affecting their lifetime. At the same time, components such as hydrogen and oxygen
separators and compressors will frequently operate with fluctuations in gas production,
resulting in poor system stability. To maximise the comprehensive performance of the EL,
the electrolytic current ripple needs to be small enough.

In summary, the demand for power supply in electrolytic reactions is as follows: the
output DC voltage is controllable within a certain low voltage range; the output current
density is large enough and adjustable; and the output current ripple is small enough. In
addition, the EL power supply should also meet the requirements of general industrial
power supply: low cost, high efficiency, and high reliability.

4. Topologies of the EL Power Supply

Based on the performance requirements summarised above, many investigations have
been conducted on the topology and control methods of the EL power supply. In the early
days, the power supply system was mostly relying on the power grid. With the develop-
ment of distributed energy resources, such as photovoltaic and wind power generation,
many research projects have focused on the coupling of WE hydrogen production and the
distributed energy system.

4.1. Single-Stage AC Source-Based Topologies

In a single-stage AC source-based topology, AC power is converted to DC power by
rectification. The early ALK EL was developed primarily from industrial chlor-alkali ELs,
and the power supply topology also inherited the high-current power supply topology
of industrial electrolysis [52]. Due to the high current capacity that thyristors (SCRs) can
withstand, rectifier circuits composed of thyristors are often used in power supply scenarios
with thousands of amperes. A typical six-pulse thyristor rectifier is presented in Figure 8.
By controlling the trigger angle of the six thyristors, a certain range of adjustable DC
voltage can be obtained on the output side. Ref. [53] provides a detailed introduction to
the modelling and operation principles of this topology. The six-pulse thyristor rectifier
has low device losses. But its harmonics are too high and the current ripple is large, which
affects the electrolysis efficiency and the lifetime of the EL [54]. Furthermore, the six-pulse
thyristor rectifier generates significant reactive power, which also reduces the power quality
of the AC power grid [55].
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Figure 8. The six pulse thyristor rectifier investigated in [53].

Two six-pulse rectifiers are commonly used in industry to form a 12-pulse thyristor
rectifier, as presented in Figure 9. Co-ordinate control of the conduction angle is required to
improve the power factor and reduce harmonics [56]. Many products further increase the
number of connected 6-pulse rectifiers to form 18- or 24-pulse rectifiers, to achieve a higher
power factor and current quality. However, the reactive power is caused by the changing
conduction angle, and it is impossible to eliminate the reactive power from the perspective
of control. In actual thyristor rectifier systems, it is generally necessary to design additional
reactive power compensation devices on the grid side [57].

Figure 9. The twelve-pulse thyristor rectifier investigated in [58].

The development of fully controlled power electronic semiconductors, such as In-
sulated Gate Bipolar Transistors (IGBTs) and Metal Oxide Semiconductor Field Effect
Transistors (MOSFETs), has led to more applications of PWM converters in high-power
scenarios. The EL can be powered by a current source PWM rectifier, as presented in
Figure 10. IGBTs or MOSFETs are usually connected in series with diodes to block the
bidirectional voltage [59]. By adopting the corresponding control strategies, the unit power
factor and the grid side current can be sinusoidal, so the harmonics fed into the grid can be
reduced [60]. In addition, current-source PWM rectifiers are able to regulate a wide range
of DC voltage with direct current control and fast dynamic response. A detailed overview
of the mathematical modelling and control strategies of current-source PWM rectifiers is
provided in [61].
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Figure 10. The three-phase current source PWM rectifier investigated in [59].

Reference [62] compares the effects of 6-pulse thyristor rectifiers, 12-pulse thyristor
rectifiers, and current source PWM rectifiers on the energy consumption of the megawatt
level ALK EL based on an ideal DC source. The results show that at an operation point
of 200 V 5000 A, the current source PWM rectifier has a 14% lower energy loss than the
6-pulse thyristor rectifier and a 9.2% higher energy loss in the EL than the 12-pulse thyristor
rectifier. The impact of different AC power supply topologies on the Faraday efficiency and
the impact of harmonics on the lifetime of ELs still need further exploration.

4.2. Single-Stage DC Source-Based Topology

When a DC coupling system, such as a photovoltaic or battery energy storage system,
supplies power to an EL, a DC/DC converter is required to convert the DC bus voltage into
a stable low voltage. DC/DC converters for ELs are mainly buck type and can be divided
into two categories: non-isolated topology and isolated topology.

4.2.1. Non-Isolated DC/DC

The classic buck converter, as shown in Figure 11, is the most widely used non-
isolated buck DC/DC topology due to its advantages, including few switching devices,
low cost, and simple control. The output voltage is regulated by controlling the duty
cycle of the power semiconductor. Increasing the switching frequency or increasing the
output inductance can reduce the ripple of the output current. In [63], an experimental
and simulation model was constructed using photovoltaic panels to supply power to PEM
ELs through a buck converter, and the modelling process was detailed for each part of the
system. However, the step-down ratio of the buck converter is limited. When generating a
low output voltage, the duty cycle becomes very small, and the inductor current operates
in the intermittent mode. Measures to reduce the current ripple will inevitably increase
switch losses and the volume of inductance. These shortcomings limit the development of
classic buck converters as the EL power supply.

Figure 11. The classic buck converter investigated in [63].
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To improve the voltage ratio and achieve a wider voltage regulation range than the
classic buck converter, a power supply based on the quadratic buck converter is designed
in [64], as shown in Figure 12. The corresponding sliding-mode feedback control methods
are also proposed to respond quickly to changes in the hydrogen production rate. Under
the same parameters, the current ripple of the quadratic buck converter is smaller than that
of the classical buck converter, but the voltage stress of the semiconductor is higher. To
improve the performance of quadratic buck converters, three improved quadratic buck
topologies based on circuit synthesis are proposed in [65]. If the semiconductor encounters
an open circuit fault, the topology can be reconfigured as a semi-quadratic buck-boost
converter, improving the stability of the EL power supply system.

Figure 12. The quadratic buck converter investigated in [64].

In [66], a synchronous buck converter is applied to convert the 12 V voltage output of
the photovoltaic panel to a 2 V, 25 A DC output. The topology is presented in Figure 13.
Compared to the classic buck converter, the synchronous buck converter applies another
MOSFET to replace the diode. Power efficiency is effectively improved because the conduct-
ing resistance of the MOSFET is much lower than that of the diode. The study [66] derived
a universal transfer function for the non-linear load of the EL and analysed the stability of
the system under different operating conditions. However, synchronous buck converters
cannot significantly improve the voltage drop ratio compared to classical buck converters.

Figure 13. The synchronous buck converter investigated in [66].

Compared to the two-level buck converter, the voltage stress of the power switches
in the three-level buck converter shown in Figure 14 is only half of the input voltage.
Under the same switching frequency and converter parameters, the current ripple can be
halved, and the capacitance and inductance in the output filtering circuit can be reduced.
In [67], the author analysed the operation principle and the parameter design process of a
three-level buck converter in detail and developed a 200 V, 7200 A DC power supply for
the EL. The experimental results show that this topology can meet the requirements for
low-voltage and high-current outputs and reduce the ripple of the output current within
4%. However, the number of switching devices used in a three-level buck topology is twice
that of classical buck converters, making the system relatively complex and the controller
design more difficult.
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Figure 14. The three-level buck converter investigated in [67].

In addition to the commonly used buck converters mentioned above, ref. [25] also
summarises non-isolated DC/DC topologies including the double-quadratic buck con-
verter [68], the tapped-inductor buck converter [69], the tapped-inductor buck converter
with a lossless clamp [70], the buck converter with switched inductor cell [71], and the
switch capacitor/switch inductor buck converter [72]. Although these topologies have
made some performance improvements compared to classical buck converters, their struc-
tures are more complex, and their application scope is relatively limited.

4.2.2. Isolated DC/DC

The isolated DC/DC converters not only achieve electrical insulation between the
power supply side and the EL side but also widen the voltage regulation range by imple-
menting appropriate transformer ratios.

In [73], a 5 kW EL power supply is proposed based on a push–pull isolation DC/DC
converter powered by a photovoltaic panel, as shown in Figure 15. The primary side of
the push–pull topology is constructed with only two low-side switches. Therefore, the
driving circuit is easy to design. There is no need for bulky and expensive input equalising
capacitors. Within the power range of 5 kW, air-cooled heat dissipation can be applied, and
a simple PWM control scheme can be used for control. The system has strong stability and
a fast dynamic response. The main limitations of applying push–pull isolated DC/DC to
an EL power supply include hard switching leading to low efficiency, high voltage stress
of the primary side power switches, and complex centre-tap transformer design. Ref. [73]
provides a detailed introduction to the component parameter design process such as power
filters and transformers for ELs. The efficiency of the final prototype is greater than 90%.

Figure 15. The push–pull isolated DC/DC investigated in [73].

In high-power EL systems, a more widely used topology is full-bridge and half-
bridge isolated DC/DC. Ref. [74] proposed a phase-shift full-bridge (PSFB) zero-voltage
switching converter based on PWM control, as shown in Figure 16. In the literature, a
distributed generation and energy storage system simulation model is built, which verifies
the characteristics of stable output voltage and high topology efficiency. Zero-voltage
switching (ZVS) is realised by using the phase shift and the resonance of the transformer
leakage inductance and the output capacitance of the power semiconductors. The secondary
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side of the transformer is connected to the current doubler rectifier circuit to reduce the
current stress of the diodes and improve efficiency. Ref. [75] studied a similar topology,
as presented in Figure 17. The feasibility of PSFB in supplying power to PEM ELs in a
DC-coupled system is verified through simulation.

Figure 16. The phase-shift full-bridge (PSFB) DC/DC investigated in [74].

Figure 17. The PSFB investigated in [75].

A commercially available 6kW ALK EL is applied in [76] to compare the performance
of three typical high-frequency soft switching isolated DC/DC topologies through experi-
mental results, including (1) the constant-frequency LCL series resonant converter (SRC)
with capacitive output filtering as shown in Figure 18; (2) the fixed-frequency LCL SRC with
inductive output filtering as shown in Figure 19; and (3) the phase-shifted PWM full-bridge
DC/DC converter as shown in Figure 20. The secondary side of the transformer adopts a
diode H-bridge rectification structure. Ref. [76] compares theoretical predictions with the
results of the SPICE simulation using the same parameters of the system, and the results
show that none of the topologies can maintain ZVS at the maximum input voltage. At the
minimum input voltage, only topology (1) maintains ZVS throughout the load variation
range. Furthermore, to obtain a high power density and a smaller ripple of the output
current, ref. [77] extended the above-mentioned topology (3) to a three-phase configuration.
However, the new topology uses more power semiconductors, more complex drivers,
auxiliary soft switch components, and more complex control methods; yet the range of
soft-switching has not been extended.

Figure 18. The constant frequency LCL series resonant converter investigated in [76].
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Figure 19. The fixed-frequency LCL SRC with inductive output filtering investigated in [76].

Figure 20. The phase-shifted PWM full-bridge DC/DC investigated in [76].

Isolated DC/DC based on a half bridge is another potential candidate for the EL
power supply, but it also requires complex driving circuits and voltage sharing input
capacitors [78]. As presented in Figure 21, the primary side of the transformer is a half-
bridge circuit, passed through a high-frequency step-down transformer, and the secondary
side is a full-bridge synchronous rectification circuit with reverse blocking switch. Ref. [78]
also introduces improved active rectification control algorithms that can reduce circulating
power and switching losses, and improve efficiency performance over a wide range of input
voltage and load changes. The steady-state operation principle and mathematical analysis
provided in the literature can serve as a reference for device selection and parameter design
in practical applications.

Figure 21. The isolated half-bridge and full-bridge topology proposed in [78].

4.3. Hybrid Topology
4.3.1. Interleaved Parallel Connection

The power supply system should have sufficient fault tolerance capability to ensure
stable and reliable operation of the EL. The interleaved parallel configuration provides
redundancy in the power circuit, while also increasing the system current capacity and
reducing the current ripple.

The classic interleaved buck converter (CIBC) [79] consists of the classic buck converter,
as shown in Figure 22. The literature [80] designs a three-channel CIBC with 120 degree
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interleaved control signals to power the PEM EL and also proposes a corresponding PWM
sliding mode controller to deal with the unstable supply voltage, even if the pressure of
the cathode plate changes constantly. Many articles have proposed new topologies with
additional active or passive components to improve CIBC performance, including improved
step-down conversion ratio IBC [81], improved duty cycle extended IBC [82], winding-
coupled IBC [83], zero current transition IBC [84], winding cross-coupled inductors with
passive clamp IBC [85], and soft-switching active clamp converter IBC [86]. However, these
derivative topologies are more complex and difficult to control. No papers or reports have
been found yet on the application of these topologies in EL power supplies. The principles
of various derivative topologies are summarised in [26,87]. The detailed introduction of
these derivative topologies is not provided in this article due to space limitations; readers
can refer to the corresponding literature.

Figure 22. The classic interleaved buck converter (CIBC) investigated in [79].

The stacked interleaved buck converter (SIBC) shown in Figure 23 has a high step-
down ratio and low output current ripple and can be used for direct coupling between
renewable energy generation units and ELs [88–90]. In [88], the SIBC is theoretically
analysed, a controller based on feed-forward and feedback is designed, and the stability
of the control system is discussed. In [89], the output DC bus voltage of the wind turbine
system is converted by the SIBC to power a PEM EL. The operating state of the SIBC
is determined by the output power of the wind turbine system. The system exhibits
advantages such as a low output ripple and fast dynamic response. In [90], a dual closed-
loop PI controller is proposed to control the terminal current and voltage of the PEM EL.
Taking into account the dynamic characteristics of the EL, the controller tracks the output
reference voltage and adjusts its output current to deliver the desired power. The state
space and the transfer function of the SIBC are also analysed in [90].

Figure 23. The stacked interleaved buck converter (SIBC) investigated in [88–90].

The three-level interleaved buck converter (TLIBC) has attracted much attention
due to its low voltage stress on power switches, low switching loss, and soft switching
capability [91–93]. The topology is shown in Figure 24. Refs. [91,92] developed an improved
sliding mode control algorithm for TLIBC, which reduces the ripple of the output current
under fault conditions by approximately 10% by improving the phase angle between the
switching signals, thus extending the lifetime of the PEM EL to a certain extent. Ref. [93]
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conducted in-depth research on the energy efficiency, hydrogen flow rate, and energy
consumption ratio of the PEM EL system powered by TLIBC, and proposed a PI-based
controller to accurately and rapidly track the reference voltage.

Figure 24. The three-level interleaved buck converter (TLIBC) investigated in [91–93].

Research on isolated DC/DC interleaved parallel topology has also made some
progress. In [50], a Y-type three-phase interleaved parallel LLC topology is proposed
and improved for the EL power supply. Each phase contains two high-frequency trans-
formers with the primary side connected in series and the secondary side connected in
parallel to increase the output current level and reduce the current stress of the power
switches, as shown in Figure 25. This structure can meet the needs for distributed energy
WE hydrogen production. The experimental results verify the advantages of this topology,
such as three-phase automatic current sharing, high current output, low current ripple,
wide range output, high voltage conversion ratio, and electrical isolation.

Figure 25. The Y-type three-phase interleaved parallel LLC converter proposed in [50].

In [94], an input-serial–output-parallel (ISOP) DC/DC converter is proposed, using
two LCLCL resonant converters as basic modules, as shown in Figure 26. This paper
introduces the principle and characteristics of the converter and also analyses the impact of
the inconsistent resonance parameters between the two modules on the imbalance of the
electrolysis voltage. On this basis, the corresponding dual closed-loop decoupling control
method is proposed, and the effectiveness of the topology is verified through simulation.
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Figure 26. The serial-input–parallel-output (ISOP) DC/DC converter based on interleaved LCLCL
resonant converter proposed in [94].

4.3.2. Multi-Stage Serial Connection

Many papers have also conducted research on the multi-stage serial topology, in
which most of the front stage topologies use diode rectifier circuits. In the topology
investigated in [95], the front stage diode rectifier circuit converts the AC power of the
wind power system to DC power and the rear-end parallel classic buck converter to power
ten independent ELs. The structure of the system is shown in Figure 27. The collaborative
control strategy proposed in [95] can smooth the fluctuations in wind power and decouple
the power supply of each EL, which helps to dynamically switch the operation of the EL,
thus improving its lifetime and efficiency. In [96], a neural network-based open circuit fault
diagnosis and state monitoring method is proposed for a PEM EL power supply system
constructed by a diode rectifier and a serial connected CIBC to improve reliability. In [97], a
topology with a 12-pulse diode rectifier circuit and a CIBC is designed, with a peak power
of 400 kW. In [98–101], stability, basic control, ripple compensation, and other aspects of
the power supply topology with a diode rectifier circuit and a serial connected PSFB are
also analysed.

Figure 27. The multi-stage serial topology constructed by a diode rectifier and buck converters
proposed in [95].

In [102], the front stage of the multi-stage topology uses a three-phase PWM rectifier,
which has very low current and voltage distortion on the AC side compared to diode
rectifier circuits and also has power factor adjustment capability, which has advantages
in grid-connected scenarios. The rear stage uses an CIBC with average current-mode
control. Ref. [103] connects a Vienna rectifier and a synchronous buck converter in series,
as shown in Figure 28. The Vienna rectifier can ensure power quality without requiring
large grid-connected filtering devices, and the reduction in the number of active switches
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also ensures lower losses. Ref. [103] analyses in detail the operating principles and control
methods of the Vienna rectifier and synchronous buck converter and proposes two working
modes of hydrogen production priority and power demand satisfaction priority to adapt
to the requirements of intermittent distributed generation and demand side management.

Figure 28. The multi-stage serial topology constructed by a Vienna rectifier and a synchronous buck
converter proposed in [103].

4.3.3. Other Hybrid Topologies

To achieve high power density, low cost, and high efficiency in WE hydrogen pro-
duction, a master-slave parallel hybrid rectifier was proposed in [104], consisting of a
thyristor rectifier circuit as the main power circuit, and a PWM rectifier and a PSFB con-
nected in series as the auxiliary power circuit, in parallel with the main power circuit. The
topology is shown in Figure 29. The thyristor main circuit is responsible for long-term/high-
power/large-energy-scale frequency support and large-current conduction. The auxiliary
circuit is used to achieve frequency responses in transient/low-power/small-energy ranges,
such as transient inertial support, smoothing frequency change rate, and gaining time for
the thyristor action of the main circuit. The PWM rectifier is used to compensate for the
grid current harmonics of the thyristor rectifier circuit on the AC side and maintain the DC
bus voltage of the auxiliary power circuit, while the PSFB is responsible for suppressing the
output DC current ripple. The setup of the secondary diode of the PSFB transformer avoids
the problem of the circulating current on the DC side, and the structure of the two-stage
auxiliary circuit also ensures power decoupling between the AC and DC sides of the entire
system. To effectively control the response characteristics of the EL load, a coordinated
control method was proposed for different converters in the master-slave parallel hybrid
topology in [105], and the effectiveness of the topology and coordinated control method
was verified through experiments.

Figure 29. The master-slave parallel hybrid rectifier proposed in [104].
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The novel energy-storage system composed of EL and FC has become a hot topic
in recent years. The multi-port topology can meet the requirements of integrated power
conversion, efficient thermal management, compact packaging, and centralised control,
which can improve the system efficiency and flexibility of hydrogen as an energy carrier
used in distributed energy systems. Ref. [106] introduces a multi-port hydrogen converter,
as shown in Figure 30. The three ports are magnetically coupled through a multi-winding
transformer. In EL mode, the entire topology is equivalent to a buck converter, ensuring
a stable supply voltage of the EL. In the FC mode, the topology is equivalent to a boost
converter, with the load powered by the FC port. Compared with a system consisting of
an independent EL converter and an FC converter, the multi-port topology reduces the
number of energy conversion stages, thus reducing the number of power devices and
costs and simplifying the control algorithm. Based on this topology, ref. [107] replaces
the primary side of the transformer with a three-level clamped neutral point converter, as
shown in Figure 31, to achieve higher voltage ratios and facilitate the coupling of hydrogen
energy storage systems with high-voltage DC buses.

Figure 30. The three-port topology proposed in [106].

Figure 31. The three-port topology proposed in [107].

4.4. Comparison and Analysis

A high-performance EL requires a power supply with high power density, small
current ripple, high efficiency, and high reliability, as discussed in Section 3.4. However,
data related to these criteria provided by most of the literature are not sufficient. With
many different types of power supply investigated, it is difficult to find a unified standard
to evaluate performance. Table 7 summarises and compares the aforementioned topologies
in terms of power sources, development status, adaptive EL type, topology classification,
power rating, efficiencies, semiconductor quantities, and control types. The data of rated
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power and efficiency are based on the results of the corresponding references listed in the
first column of Table 7. The EL industry is currently dominated by large-scale equipment
with a capacity of up to several megawatts, which is mainly powered by topologies based
on single-stage AC sources. After decades of development and efficiency optimisation, it is
reasonable that they have the highest efficiency of up to 98% compared to other EL power
supply topologies that are still in the prototype or concept stage.

Table 7. Comparison of power supply topologies for electrolyzer (EL). ALK represents alkaline,
PEM represents proton exchange membrane, SCR represents thyristor, IGBT represents insulated
gate bipolar transistor, MOSFET represents metal oxide semiconductor field effect transistor, PWM
represents pulse width modulation, ZVS represents zero voltage switching.

Topology Source Status EL Type Category Rated
Power Efficiency Semiconductor

Quantity
Control

Type

Figure 8, [53] AC Product ALK Single-Stage 5.5 MW ≈97% 6 SCRs Semi-

Figure 9, [58] AC Product ALK Single-Stage 19.5 MW ≈97.5% 12 SCRs Semi-

Figure 10, [59] AC Product ALK/PEM Single-Stage 5.7 MW ≈98% 6 IGBTs
6 Diodes PWM

Figure 11, [63] DC Prototype PEM Single-Stage 2 W ≈94.3% 1 MOSFET
1 Diode PWM/ZVS

Figure 12, [64] DC Prototype PEM Single-Stage 120 W N/A 1 MOSFET
3 Diodes PWM

Figure 13, [66] DC Prototype PEM Single-Stage 50 W ≈95% 2 MOSFETs PWM/ZVS

Figure 14, [67] DC Concept N/A Single-Stage 1.5 MW N/A 4 MOSFETs PWM

Figure 15, [73] DC Prototype ALK Isolated 5 kW ≈90% 2 MOSFETs
2 Diodes ZVS

Figure 16, [74] DC Concept ALK Isolated 1 kW N/A 4 MOSFETs
2 Diodes ZVS

Figure 17, [75] DC Concept PEM Isolated 10 kW ≈96.7% 4 MOSFETs
2 Diodes ZVS

Figure 18, [76] DC Prototype N/A Isolated 7.2 kW ≈90.87% 4 MOSFETs
4 Diodes ZVS

Figure 19, [76] DC Prototype N/A Isolated 7.2 kW ≈90.0% 4 MOSFETs
4 Diodes ZVS

Figure 20, [76] DC Prototype N/A Isolated 7.2 kW ≈89.92% 4 MOSFETs
4 Diodes ZVS

Figure 21, [78] DC Prototype N/A Isolated 1 kW N/A 6 MOSFETs
4 Diodes ZVS

Figure 22, [79] DC Concept N/A Interleaved
Parallel 2.5 kW ≈96% 2 MOSFETs

2 Diodes PWM/ZVS

Figure 23, [88] DC Prototype PEM Interleaved
Parallel 400 W N/A 4 MOSFETs PWM/ZVS

Figure 24, [91] DC Concept PEM Interleaved
Parallel 80 W N/A 4 MOSFETs

4 Diodes PWM

Figure 25, [50] DC Prototype PEM Interleaved
Parallel 6 kW ≈93.1% 6 MOSFETs

12 Diodes ZVS

Figure 26, [94] DC Concept N/A Interleaved
Parallel 26 kW N/A 8 MOSFETs

8 Diodes ZVS

Figure 27, [95] AC Concept N/A Multi-stage
Serial 5 MW N/A n MOSFETs

(6 + n) Diodes PWM/ZVS

Figure 28, [103] AC Concept N/A Multi-stage
Serial N/A N/A (3 + 2n) MOSFETs

18 Diodes PWM/ZVS

Figure 29, [104] DC Prototype N/A Master-slave
Parallel 270 W N/A 16 MOSFETs

2 Diodes PWM/ZVS

Figure 30, [106] DC Prototype N/A Three-ports 2.4 kW N/A 6 MOSFETs
3 Diodes ZVS

Figure 31, [107] DC Prototype N/A Three-ports 1.2 kW N/A 8 MOSFETs
5 Diodes ZVS

Most articles explore only the feasibility of topology for EL power supply, and there is
no further analysis or optimisation with respect to power density, current rating, current
ripple, efficiency, or reliability. Figure 32 shows the comparison of peak efficiency of the
prototypes for EL [63,66,73,76], the simulation model for EL [75], and the same topology
used in other applications, for example, switching power supply for mobile phones and
battery energy storage converters [108–114]. Despite their low efficiency in the prototype,
these topologies show high application prospects in EL power supply systems due to their
potential efficiency improvement capability. For some topologies listed in Table 7, upgrad-
ing the conventional PWM-based control strategy with a zero-voltage-switching (ZVS)
control strategy could significantly increase efficiency. For example, the efficiency of the
LLC-based EL prototype introduced in [76] is only 90.87%, while the efficiency of the
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same topology applied in electric vehicles is 98.5% [113]. In addition, the classic buck
converter, synchronous buck converter, push–pull DC/DC, DAB, and Vienna rectifier all
see a noticeable improvement in efficiency if the proper configuration and control strategy
are applied [108–112]. Figure 33 further demonstrates the trend in efficiency of these power
supplies versus output power. The efficiency of the classic buck converter increases mono-
tonically with increasing load, and the efficiency is highest at full load. The peak efficiency
points of other topologies are approximately in the range of 50% to 70% of the rated power.
Recalling the trend of EL efficiency versus current density presented in Figure 7, FB-LLC
could be the best choice among these candidates, since it performs the highest efficiency
throughout the load range especially at the 100% power rating.

Figure 32. Power supply peak efficiency comparison of the prototypes for EL [63,66,73,76], the
simulation model for EL [75], and the same topology used in other applications [108–114].

Figure 33. Power supply efficiencies versus output power [108,110–113].

According to the literature summarised in this paper, the interleaved parallel connec-
tion of single-stage topology has many advantages:

• On the premise that the circuit parameters are close to the limit, the output current
density is generally extended by paralleling devices or circuits [115,116].

• Designing redundant parallel branches is a commonly used method to improve the
fault tolerance and converter reliability [117].

• The efficiency of parallel topologies is close to that of its single-stage counter part,
while the efficiency of serial topologies is the product of each stage’s efficiency [118].



Energies 2024, 17, 935 28 of 36

• The ripples of the output current can be reduced by increasing the inductance and ca-
pacitance of the filter, increasing the switching frequency, and applying an interleaved
parallel configuration [119–121]. However, increasing inductance and capacitance
will inevitably increase the size of these magnetic components, and consequently, the
power density drops. Additionally, increasing the switching frequency brings great
challenges to the thermal design and suppression of switching loss in semiconductors.
The interleaved parallel configuration becomes the most suitable solution for reducing
current ripples.

Wide-band-gap power semiconductors, represented by gallium nitride (GaN) and
silicon carbide (SiC) MOSFETs, have been attracting increasing attention because of their
promising performance in low on-state resistance, high breakdown voltage, fast switching
speed, and high power efficiencies compared to those of silicon-based semiconductors. The
interleaved parallel LLC topology constructed by wideband gap power semiconductors
and controlled by the ZVS algorithm will effectively improve the performance of the power
supply for EL as it provides high power density, high efficiency, high current rating, good
fault tolerance, and low current ripple.

5. Control Framework of the EL Power Supply in Future Integrated Energy Systems

As illustrated in Figure 34a, the power supply system is part of the EL, while the
EL is also part of the hydrogen energy domain that builds the future integrated energy
system, where hydrogen and electrical energy are transformed into each other through
the EL and FC [104,105]. In the foreseeable future, the development trend for hydrogen
production will follow the path of development of electrical power generation, as shown in
Figure 34b. The uneven distribution of renewable energy has led to the current dominance
of centralised hydrogen production stations and ELs with large capacity up to hundreds of
megawatts. Long-distance transportation pipelines play an important role in connecting the
hydrogen supply side and the demand side. However, the high investment costs required
for these infrastructures also limit the development of the entire hydrogen energy industry.
Similarly, the technical iteration path in the field of power generation provides inspiration
for the development of hydrogen production. Cooperation between large-scale power
generation and HVDC transmission has alleviated the problem of regional imbalance of
power resources to some extent, but further improvement in the utilisation efficiency of
distributed power generation depends more on the development of microgrid and smart
grid technology. With the maturity of hydrogen storage technology and the expansion of
hydrogen utilisation scenarios, the on-site development and consumption of hydrogen
energy will become more important. Ultimately, the construction of a future integrated
energy system coupled with hydrogen, electricity, heat, and gas is a powerful means for
the efficient use of renewable energy.

Based on the positioning of the power supply system shown in Figure 34a, in the
future integrated energy system, the control of the EL power supply should take into
account four layers of operating performance, namely the power supply itself, the EL, the
hydrogen energy domain, and the entire system. Most of the literature summarised in
Table 7 concentrates solely on the power supply itself and uses an equivalent simplified
model to simulate the electrical characteristics of the EL. However, an EL is a complicated
system composed of a power supply, an electrode plate, a catalyzer, hydrogen and oxygen
filtration devices, hydrogen storage devices, etc. Taking the PEM EL as an example, its
device cost is approximately three times the power cost, as listed in Table 3. Control of the
power supply should not only improve the comprehensive hydrogen production efficiency
but also avoid sudden changes in the hydrogen production rate and avoid frequent start
and stop of other devices, such as gas separators, to improve the overall lifetime of the EL
and reduce the operating cost. From the point of view of the hydrogen energy domain,
the power supply needs to adjust its output according to the state of hydrogen storage
and consumption (such as the pressure of the hydrogen storage tank, the prediction curve
of hydrogen consumption, etc.) to regulate the hydrogen production rate. From the
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perspective of the whole integrated energy system, the control of the EL power supply
needs to be coordinated with the operation of other energy carriers.

Figure 34. (a) The positioning of the EL power supply in the future integrated energy system;
(b) similarity and connection between hydrogen energy and electrical energy.

The expected control framework of the EL power supply in future integrated energy
systems involves multiple controlled objects and multi-objective optimisation. A hierarchi-
cal framework [122,123] is adopted to regulate such a complex system and assign control
tasks to distributed controllers. The specific implementation of the hierarchical control
framework is inspired by the PV-Battery converter control structure shown in Figure 35a.
The maximum power point tracking algorithm is implemented at the first level to calculate
the current reference for the PI feedback controller at the second level. The PI controller
generates a duty cycle signal and feeds it into a PWM modulator [124] at the third level
to generate the final control signals of the power semiconductors. The power electronics
converter can interact with other components in the system, thanks to the hierarchical
control framework. Figure 35b presents the hierarchical control framework suitable for the
EL power supply. The main functions of the entire control system include the collection of
information, the prediction of the energy flow, intelligent scheduling, real-time monitoring
of the status of each component of the EL, the fault response mechanism, and the power
control algorithm. The first layer is seen as the system-level controller in charge of the
energy management, multi-objective optimisation, and fault response of the entire inte-
grated energy system. At the converter-level controller where most of the power supply
control algorithm is implemented [125,126], the tracking of the specific control objectives
of the power supply (constant current output, constant voltage output, etc.) is carried
out. Intermediate variables such as the modulation index are fed into the third layer, the
power electronics device level controller, to obtain the gate signals of the power semi-
conductors. The modulation methods involved in this layer includes PWM, phase-shift
control (PSC) [127], variable frequency control [128], etc. System-level strategies can refer
to the literature in the field of coordinated control; converter-level strategies can refer to
the literature in the field of power converter control, as presented in most of the reference
literature introduced in Section 4; and device-level strategies can refer to the literature
related to low-level modulation methods.
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Figure 35. (a) The control structure of a PV-battery converter; (b) the hierarchical control framework
of the EL power supply.

6. Conclusions

This article reviews the development progress of hydrogen energy and hydrogen
production ELs and summarises the power supply topologies based on the electrical
interface modelling of the EL. The requirements for the EL power supply include high
voltage stepdown ratio, high current density, small current ripple, low cost, high efficiency,
and high reliability. EL power supply topologies are divided into single-stage AC source,
single-stage DC source, and hybrid topology, and their performance is compared and
analysed. The results show that the interleaved parallel LLC topology constructed by
wideband-gap-power semiconductors and controlled by the ZVS algorithm is an ideal
candidate for an EL power supply because of its good performance. This review is the first
to consider the positioning of the EL power supply and the development trend of the EL
in the future integrated energy system. A hierarchical control framework constructed by
the system-level controller, the converter-level controller, and the device-level controller
is recommended, as it is able to manage the operation performance of the power supply
itself, the EL, the hydrogen energy domain, and the entire system at the same time.

With the increasing stability and safety of hydrogen storage and utilisation, hydrogen
production can gradually expand from industrial to civilian scenarios. We predict that
the development of hydrogen energy will follow the footprint of the development of the
electrical system; apart from being implemented in centralised stations, hydrogen energy
will also be produced distributively in commercial premises or even households. EL will no
longer be an independent hydrogen production device but will be a principal component
of a future integrated energy system. The further development of the EL is influenced by
multiple aspects. First, the technological improvement of the EL itself plays an important
role. In addition, the expansion of the hydrogen application scenarios will also promote
investments in research and development on the EL. It should be noted that the current
comprehensive cost of hydrogen production from WE is still much higher than that of
traditional methods such as hydrogen production from fossil energy, so the sustainable
development of EL is also inseparable from continuous policy support.

The power supply system of the EL in the future integrated energy system needs to
consider the performance of the power supply (topology, power semiconductors, single
device efficiency), the performance of the EL (lifetime expansion, coupling efficiency, fault
response), the performance of the hydrogen domain (cooperation of hydrogen production,
storage, and utilisation), and the performance of the integration of multiple energy carriers.
So far, the authors have not found a mature solution in the literature, and many problems
remain to be solved. Future research topics on the power supply of EL include the use of
wideband-gap semiconductors, the improvement of power supply topologies, the specific
implementation of the proposed hierarchical control framework in a demonstration project,
and the integration and coordinate control of multiple energy carriers.
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Abbreviations
The following abbreviations are used in this manuscript:

CCUS carbon capture and carbon sequestration
FC fuel cell
WE water electrolysis
EL electrolyzer
ALK alkaline
PEM proton exchange membrane
AEM anion exchange membrane
SOE solid oxide electrolyzer
IGBT insulated gate bipolar transistor
MOSFET metal oxide semiconductor field effect transistor
SiC silicon carbide
GaN gallium nitride
PSFB phase-shift full-bridge
IBC interleaved buck converter
CIBC classic interleaved buck converter
SIBC stacked interleaved buck converter
TLIBC three level interleaved buck converter
ISOP input-serial–output-parallel
PWM pulse width modulation
ZVS zero-voltage switching
MPPT maximum power point tracking
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