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Abstract: Over the last few years, hydrogen has emerged as a promising solution for problems related
to energy sources and pollution concerns. The integration of hydrogen in the transport sector is one
of the possible various applications and involves the implementation of hydrogen refueling stations
(HRSs). A key obstacle for HRS deployment, in addition to the need for well-developed technologies,
is the economic factor since these infrastructures require high capital investments costs and are largely
dependent on annual operating costs. In this study, we review hydrogen’s application as a fuel,
summarizing the principal systems involved in HRS, from production to the final refueling stage. In
addition, we also analyze the main equipment involved in the production, compression and storage
processes of hydrogen. The current work also highlights the main refueling processes that impact
energy consumption and the methodologies presented in the literature for energy management
strategies in HRSs. With the aim of reducing energy costs due to processes that require high energy
consumption, most energy management strategies are based on the use of renewable energy sources,
in addition to the use of the power grid.

Keywords: hydrogen refueling stations (HRSs); hydrogen production; hydrogen compression;
hydrogen storage; energy consumption; energy management strategies

1. Introduction

The transport sector is highly regarded as a considerable and growing source of air
pollution across the world [1]. This sector consumes the largest amount of fossil fuels
worldwide, with a direct impact on carbon dioxide (CO2) emissions [2]. In 2022, this sector
accounted for more than 20% of global CO2 emissions [3]. CO2 emissions have significantly
increased each year, reaching over 37 gigatons of CO2 in 2023, compared to less than
5 gigatons in 1940 [4]. To reverse this negative trend, the European Union signed the Paris
Agreement and agreed on the aim of carbon neutrality by 2050 [5]. Due to growing concern
about the high values of pollution as well as the negative repercussions of the excessive use
of fossil fuels, new alternative solutions focused on sustainable mobility were developed,
with an increase in the development of environmentally friendly vehicle technologies, such
as electric and hydrogen vehicles [6], namely battery electric vehicles (BEVs) and fuel cell
electric vehicles (FCEVs). FCEVs can use hydrogen as fuel and are considered one of the
most prominent options, with a major role in the future of transport [2]. Compared to BEVs,
the main advantages of FCEVs are the higher travel range and the quick refueling time,
although they face challenges due to the cost and durability of the technology, security
issues and the lack of hydrogen infrastructure [7]. By overcoming these barriers, the
successful deployment of fuel cell technology could be a key element to reach the European
Union’s CO2 emissions goal by 2050.
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The transition to hydrogen-based mobility demands the further infrastructure develop-
ment that must be able to meet the demand for hydrogen [8]. Hydrogen refueling stations
(HRSs) are an example of this infrastructure, being intended for the refueling of hydrogen
vehicles, such as FCEVs. As far as the presence of HRSs in the world is concerned, several
countries have already implemented them, some of which are open to public supply, while
others are dedicated to the private supply of a certain number of vehicles. Between 2021
and 2023, there was a significant increase of 60% in the number of HRS installations, with
over 1100 operational HRSs being reached globally by 2030 [9]. Within this number, the
Asia-Pacific region accounts for more than 780 HRSs, followed by Europe, with a number
close to 250 installations, and the American continent with 80 infrastructures established.

Aligned with the relevance of HRSs, this paper presents a review on the technology
involved, from the main energy consumption processes to the related energy management
strategies, where the main contributions can be highlighted as follows: (i) a comprehensive
literature review is conducted about the main processes concerning HRS, with a special
focus on the technologies utilized, the processes that impact the energy consumption
required for HRS operation and the related operation strategies; (ii) it fills the gap in
the current literature focusing on an ample review, as presented in this paper, since the
presentation of some of the covered topics is dispersed in various articles and without
the necessary contextualization of combined topics; (iii) a review is undertaken on the
approaches of the operation methodologies for the energy management proposed for HRSs,
since there are no studies that summarize them and highlights the methods on which
they are based in the literature; (iv) description of the types of gaseous hydrogen storage
tanks and presentation of advantages and disadvantages of each type of electrolyzer and
compressors type; (v) the research carried out and the covered topics are aligned with an
industrial perspective framed in a cooperative project related with an HRS.

Following the Introduction, this review presents the following: hydrogen as an alter-
native fuel in Section 2; hydrogen production in an HRS in Section 3; the distinct types of
hydrogen storage contextualized in an HRS in Section 4; the technologies of compression
in an HRS in Section 5; hydrogen refueling process specifications in Section 6; the energy
consumption in an HRS in Section 7; and, finally, the main conclusions are in Section 8.

2. Hydrogen as an Alternative Fuel

One of the essential elements in the operation of HRSs is the fuel to be used to refuel
vehicles, which is hydrogen. In recent years, hydrogen has gained importance on the world
stage, with increased interest in its use as a potential candidate to replace conventional fossil
fuels [10]. However, despite its recognition as an ideal and emerging energy carrier [11,12],
hydrogen has some particularities of its own that need to be considered in the applications
in which it is involved.

Hydrogen is the most abundant chemical element in the universe, forming numerous
compounds [13]. In its pure state, hydrogen is a flammable, invisible, colorless, and odorless
gas in the form of a diatomic molecule, made up of two hydrogen atoms. However, despite
being simple and abundant, hydrogen is not naturally present in the form of a gas on
Earth [14]. Most of the hydrogen present on the planet is, in fact, a compound of oxygen,
under the form of water [15], while some hydrogen can also be found in various organic
compounds, namely hydrocarbons [14].

Under normal conditions of pressure and temperature (0 ◦C and 1 atm), this chemical
element is in the gaseous state, and it has a density of 0.0899 g/L, which is 14.4-times lighter
than air [16]. Of all substances, hydrogen has the particularity of presenting the second
lowest boiling point and melting point [17]. At ambient pressure, the boiling point and
melting point are −253 ◦C and −259 ◦C, respectively [17]. In its liquid state, hydrogen has
a density of 70.8 g/L [15]. In terms of its mass, hydrogen has a higher energy density than
most of the fuels used [18]; however, in terms of volume, hydrogen in its gaseous state has
a very low volumetric energy density in comparison to fossil fuels, meaning that a high
volume of hydrogen is needed to store the equivalent quantity of energy [19]. Hydrogen
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also has flammability limits, which are between 4% and 75%, considering the volume
percentage of air, and if the hydrogen concentration rises above the lower flammability
limit, a minimal quantity of energy could ignite hydrogen because of hydrogen’s low
ignition energy (0.02 mJ) [20].

3. Hydrogen Production in a Hydrogen Refueling Station

Hydrogen can be produced from various sources, using diverse methods, and trans-
ported to HRSs or, as an alternative, it can be produced at an HRS [21]. Depending on
where the hydrogen is produced, an HRS can be classified into two types [22]. When an
HRS has the equipment to produce hydrogen, the production of hydrogen takes place on
site and the stations are called on-site HRSs, whereas if the hydrogen is produced elsewhere
and then transported to the HRS, these stations are defined as off-site HRSs [23].

There are two categories of possible production methods, in which hydrogen can be
produced using non-renewable energy sources, such as fossil fuels, or renewable energy
sources [24]. For fossil fuels, production using hydrocarbons stands out, such as natural
gas, coal and oil. Production by steam methane reforming, where the natural gas is
converted into hydrogen [25], is the most widely used for the world’s hydrogen supply [26].
Regarding the production of hydrogen from renewable energy sources, it can use biomass,
with decomposition and oxidation actions, or it can use solar or wind energy, through the
decomposition of water. Figure 1 summarizes the categories mentioned for the various
hydrogen production methods.
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Figure 1. Hydrogen production methods [24].

The concept of green hydrogen is associated with the hydrogen production process
that involves the use of energy from renewable energy sources, with water electrolysis
being a common method in this type of production. Electrolysis refers to a process in which
a non-spontaneous chemical reaction is caused by the transmission of an electric current
through an electrolyte [27]. The process of water electrolysis is carried out by adding an
electrolyte to the water, which makes it conductive and allows for a direct current to pass
through it [28], promoting the occurrence of the chemical reactions inherent to the process.
In this process, the chemical reactions result in the breakdown of the water molecule (H2O),
which splits into oxygen and hydrogen, both in the gaseous state, through the production
of an electrical potential difference between two electrodes in an electrolyte [29]. The
electrolyzer consists of two electrodes: the cathode, representing the negative pole where
the reduction reaction takes place, and the anode, representing the positive pole where
the oxidation reaction takes place. There is a separator between these electrodes to ensure
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the separation of the resulting products, and when electricity is applied, with a potential
difference that is sufficient to break down the water molecule, oxygen is produced at the
anode and hydrogen at the cathode [30]. If renewable energy sources are used as a source
of electricity, the water electrolysis process allows for hydrogen production with zero CO2
emissions [31].

The electrolyzer is the component responsible for the local hydrogen production in an
HRS, being the equipment that carries out the process of water electrolysis, as illustrated in
Figure 2. Although electrolyzers are a possible sustainable solution, they are a technology
that still presents various economic obstacles, with the water electrolysis process accounting
for only 4% of the world’s hydrogen gas volume [32].
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There are several types of electrolyzers, and their distinction is related to the method
of water electrolysis, namely the type of electrolyte used, the operating conditions and
the respective ionic agents [33]. Electrolyzers can be classified into four types: alkaline
water electrolyzer (AWE); proton membrane electrolyzer (PEM); alkaline anion exchange
membrane electrolyzer (AAEM); and solid oxide electrolyzer (SOE). Since these types of
electrolyzers present distinct characteristics, which can be useful according to the final appli-
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cation, Table 1 presents an intuitive summary regarding the advantages and disadvantages
of each type of electrolyzer.

Table 1. Main advantages and disadvantages of each type of electrolyzer [29,33–35].

Technology Advantages Disadvantages

AWE

Mature technology
Low capital cost

High stability
Longer lifetime

Low hydrogen purity
Low operational pressure

Lower current density
Corrosivity of electrolyte

Slow startup
Gas permeation

PEM

High hydrogen purity
High current density

Compact and simple design
Quick response time

High dynamic operation

High membrane cost
Acidic environment

Lower durability

AAEM

High hydrogen purity
Simple design

Low cost
Low concentrated liquid electrolyte

Low lifetime
Low ionic conductivity

Low membrane stability

SOE
High efficiency

Low capital cost
Requires low energy

Safety and sealing problems
Uses brittle material
Unstable electrodes

The AWE’s electrolyte is an aqueous alkaline solution containing 20% to 40% of potas-
sium hydroxide (KOH) or sodium hydroxide (NaOH) [34]. The electrodes are separated
by a diaphragm that allows negative hydroxide ions (OH−) to pass through to the anode
and separates the hydrogen and oxygen, resulting in a hydrogen purity of between 99.5%
and 99.9% [32]. PEM uses a solid polymer electrolyte and has an electrolytic membrane
to separate the reactions at the cathode and anode, allowing only positive hydrogen ions
(H+) to pass through to the cathode, resulting in a hydrogen purity of 99.9% [33]. AAEM
is a combination of AWE and PEM, presenting the advantages of both types [34] and a
hydrogen purity of 99.9% [33]. This type has a low-concentration aqueous alkaline solution
as its electrolyte and, like PEM, uses an electrolytic membrane, which, however, only allows
the passage of negative hydroxide ions (OH−) to be transported through the membrane
to the cathode to produce hydrogen [32]. The operating temperatures for AWE, PEM
and AAEM are lower than 100 ◦C, whereas SOE stands out for operating at very high
temperatures, namely above 650 ◦C [36]. This type of electrolyzer uses a solid electrolyte
made up of ceramic materials that enable the conduction of oxide ions (O2

−) [33], with a
hydrogen purity of 99.9% [29], and although the electrolysis process takes place at high
temperatures, the energy required is lower when compared to other methods [32].

For low-temperature water electrolyzers, including AWE, PEM and AAEM, water
quality is also a pertinent parameter because water impurities can impact the performance
and the lifetime of these types of electrolyzers [37]. Regardless of the amount of water
needed to operate the electrolysis process, the electrolyzer requires high-purity water. The
accumulation of ions can lead to corrosion of the electrolyzer components, with cationic
impurities being the most problematic impurity for the PEM, while for the AAEM and
the AWE, anionic impurities represent a direct threat [37]. The further development
of electrolyzers with impurity tolerance could contribute to a reduction in capital and
maintenance costs, as well as increasing their durability [38].

4. Types of Hydrogen Storage in Hydrogen Refueling Stations

Hydrogen storage is an essential factor in HRSs, and the storage of this fuel is consid-
ered to be at least as important as its production [35,39]. The cost of hydrogen storage is a



Energies 2024, 17, 4906 6 of 16

fundamental challenge that needs to be faced so that hydrogen can become a competitive
and viable energy vector [19]. For HRSs, this is a considerable cost, representing more than
20% of the capital expenditure (CAPEX) [40]. Hydrogen storage can be divided according
to its physical states, and, in HRSs, hydrogen can be supplied as a gas or as a liquid [41].
Based on these differences, HRSs can be categorized into gaseous hydrogen stations or
liquid hydrogen stations [42], and, therefore, gaseous and liquid storage is the main type of
storage used.

Liquid hydrogen storage involves cryogenic tanks that maintain hydrogen in its liquid
state at cryogenic temperatures [43]. Since hydrogen has a much higher density in the liquid
state than the density in the gaseous state, it results in a greater mass and, consequently, a
greater amount of stored hydrogen. For this reason, hydrogen storage in the liquid state can
contain a greater amount of stored hydrogen compared to the gaseous state, thus providing
the advantage of a high volumetric storage density [44]. However, the fact that hydrogen is
liquid at a very negative temperature, with a boiling temperature of −253 ◦C, implies that
the liquefaction process must involve high investment costs, as well as the consumption of
large amounts of energy to keep the hydrogen in its liquid state [35,45]. The high energy
required and the high hydrogen boil-off losses are some of the crucial challenges for the
successful deployment of this type of storage [44]. As this type of storage still presents
complex processes and challenges to overcome, after the hydrogen is supplied to HRSs in
a liquid state, it undergoes a vaporization process and is converted into its gaseous form
through a heat exchanger so it can then be compressed to a specified pressure [41].

The storage of hydrogen in the gaseous state is the most mature technology, and this
type of storage is the most widely used method [46,47]. This storage method uses high-
pressure compressed gas tanks, which are also called cylinders or vessels. The need to use
high pressures is because hydrogen needs to be stored in significant quantities to occupy
a smaller volume, since hydrogen has a low density in its gaseous state. Higher storage
pressure increases the energy content per unit volume, resulting in a higher volumetric
energy density [48]. Therefore, the compatibility of materials is a factor to be taken into
consideration to guarantee safe and efficient storage, and storage equipment needs to be
robust and made of materials resistant to high pressures [49]. These storage tanks can
also be categorized into five types [50], according to the types of materials used in their
manufacture. These types are described in Table 2 and are illustrated in Figure 3.

Table 2. Description of the types of gaseous hydrogen storage tanks.

Type Material Characteristic

I All-metal gas tank
II Metal-lined gas tank hoop-wound with fiber
III Metal-lined gas tank fully wound with fiber
IV Polymer-lined gas tank fully wound with fiber
V All-composite liner-less gas tank
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Type I is an all-metal gas tank and, of all the existent types, is the cheapest segment, the
easiest to fabricate and, due to the high density of metal materials, the heaviest [51]. Type
II differs from Type I by being wrapped in carbon fiber and allows for a higher working
pressure of around 300 bar, while Type I has a working pressure of around 200 bar [51].
Type III and Type IV are used as solutions for vehicle applications, with a lower weight
and higher working pressure compared to the types described previously. Type III uses
a metal liner, while Type IV uses a polymer liner, allowing for a reduction in weight and
an improvement in storage density [52]. Type IV is the most used type due to its high
capacity and lightweight design but is the most expensive [19]. Type V is fully made of
composite materials, such as carbon fiber or fiberglass [50] and has a great potential for
raising the density of hydrogen storage; however, it is still in the development stage, with
some constraints that need to be addressed to ensure that they can be developed and offer
a viable alternative to Type IV [53].

5. Compression in Hydrogen Refueling Stations

As mentioned in Section 4, despite the distinct existing forms of hydrogen storage, the
refueling process that takes place in HRSs is with the use of hydrogen in its gaseous state.
The supply of hydrogen in the gaseous state can take place through local production at an
HRS, using electrolyzers, or it can be undertaken through different transportation methods,
usually via tube trailers with pressures of over 180 bar [41]. If the hydrogen is produced by
electrolyzers, the pressure of the hydrogen produced is considerably lower, ranging from
30 bar to 40 bar [40], depending on the type of electrolyzer. To be able to fuel the different
types of vehicles, the pressure of the hydrogen needs to be increased, since the maximum
tank pressure of a light vehicle is 700 bar, while the maximum tank pressure of a heavy
vehicle is 350 bar. The compressor is the equipment responsible for being able to raise the
hydrogen pressure to the required storage pressure, providing a higher output pressure
compared to the input pressure, namely at values above 200 bar [40].

5.1. Types of Compressors

Compressors can be classified into two categories: mechanical compressors and non-
mechanical compressors. The mechanical compressors use moving parts to compress hydro-
gen, in which gaseous hydrogen is squeezed into smaller compartments using mechanical
energy, thus obtaining higher pressures [54]. On the other hand, the non-mechanical
compressors are characterized by the absence of moving mechanical parts [55], which is
an advantage over mechanical compressors since it is possible to reduce installation and
maintenance costs [56].

In an HRS, the most used type of compressor is mechanical compressors, namely
piston compressors and diaphragm compressors [40,48]. Diaphragm compressors are dis-
tinguished by the fact that there is no direct contact between the piston and the compressed
gas, with the piston’s reciprocating movement being transmitted via a hydraulic fluid to
a diaphragm [57]. As the diaphragm is responsible for isolating the compressed gas and
separating the two fluids, these compressors are ideal for applications that require high gas
purity, and the fact that these compressors have several pressure stages and can achieve
high pressures makes them commonly used for compressing hydrogen in HRSs [48]. An-
other solution for mechanical compressors is ionic liquid compressors, which are designed
to improve compression efficiency [56] and, therefore, have the most potential in HRSs [58].
Non-mechanical compressors are subdivided into electrochemical compressors, in which
compression is carried out through electrochemical reactions, and metal hydride compres-
sors, in which compression is performed using thermal processes that exploit the properties
of certain metals, alloys and intermetallic compounds to absorb hydrogen [56]. Table 3
presents the advantages and disadvantages of each type of compressor described above
for HRSs.
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Table 3. Advantages and disadvantages of compressor types [56,57].

Types of Compressors Advantages Disadvantages

Piston compressor
Mature technology

Adaptability to a large range of flow rates
High discharge pressures

Embrittlement phenomena
Several moving parts

Manufacturing and maintenance
complexity

Difficulty in managing heat transfer
Presence of vibrations and noise

Not suitable for high compression ratios

Diaphragm compressor
Mature technology

Low cooling requirement
Ideal for handling pure gases and explosives

Diaphragm failure
Complex design

Limited throughput

Ionic liquid compressor

High efficiency
High compression ratio

Low energy consumption
Low noise emissions

No gas contamination
Reduced wear and long service
Quite isothermal compression
Small number of moving parts

Liquid leaks
Cavitation phenomena

Corrosion

Metal hydride compressor

Thermally driven compressor
Absence of moving parts

Compact design
Safety

Absence of noise
High-purity hydrogen production

High desorption temperature
High heat of absorption

Limited heat transfer
Necessity of using appropriate alloys

Low efficiency
High weight

Low compression rates

Electrochemical compressor

Low cost of operation
Absence of moving parts

High-purity hydrogen production
Very high compression efficiency

Use as a purifier

Difficulty in manufacturing the cell
assembly

Difficulty in realizing a perfect sealing
High cell resistance

Not suitable for very high discharge
pressures

Low compression rates

5.2. Compression and Storage Systems

In HRSs, different approaches and systems for storing and compressing hydrogen
can be presented, with two types of schemes standing out: cascade refueling and direct
refueling [41].

The purpose of the cascade-based refueling system is to store hydrogen at certain pres-
sure levels, decreasing the average pressure variation during refueling [59]. In this method,
there are usually three high-pressure tanks, placed between the compressor area and the
dispenser, and the compression is carried out through three pressure levels [60]. This
number of compression levels corresponds to the three pressure levels possible, with one
tank representing the lowest pressure (low-pressure tank), intermediate pressure (medium-
pressure tank) and highest pressure (high-pressure tank) [61]. During the refueling process,
hydrogen begins to flow from a low-pressure-level tank before the pressure reaches a
specific limit through a reduction valve, located downstream of the storage tank [59]. After
that, the refueling system switches to the next pressure-level storage tank, and when the
pressure in the medium-pressure tank is depleted to a set level, the high-pressure tank is
used until the vehicle tank is completely refueled [62]. The compressor turns on immedi-
ately when the storage tanks are emptying to fill the high-pressure tank and, subsequently,
the medium-pressure tank and the low-pressure tank [63].

The direct refueling method is a more simplistic approach with only a single-tank
storage unit, in which refueling is regulated by the pressure difference between the high-
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pressure storage tank and the vehicle storage tank [59]. In this method, a storage tank
is presented at a pressure of between 350 bar and 500 bar, using just one compressor to
increase the pressure to the desired refueling pressure [41].

As part of the two aforementioned systems described, the cascade system is the most
adopted configuration for HRSs, with the relevant advantages of allowing for reduced
energy consumption and costs [59,62]. However, in these three high-pressure tanks, the
volume ratio of each stage does not reach the universally recognized ideal configuration [42],
and so the pressures are usually chosen according to the price and physical limitations of
the storage tanks [64].

6. Refueling Process Specifications

Refueling vehicles in an HRS requires compliance with safety conditions and the
fulfillment of certain requirements established in the existing refueling protocols. When it
comes to refueling hydrogen in light and heavy vehicles, there is a technical standard that
defines the refueling specifications, the “SAE J2601”. The aim of this standard, developed
by the Society of Automotive Engineers (SAE), is to guarantee the transfer of hydrogen
fuel safely and efficiently from the dispenser to the vehicle and to provide compatibility
among vehicles and HRSs [65]. For this purpose, performance requirements and safety
limits are defined, especially limits related to the hydrogen pre-cooling temperature, the
pressure at the dispenser and the maximum permitted flow rate. Within these parameters,
the hydrogen minimum temperature is −40 ◦C, the maximum temperature of the vehicle
hydrogen is restricted to 85 ◦C, the mass filling rate of hydrogen cannot exceed 60 g/s and
the pressure of the high-pressure hydrogen storage tank needs to be lower than 125% of
the nominal working pressure [66]. The dispenser unit is the equipment responsible for
refueling the vehicle in accordance with the hydrogen pre-cooling temperatures defined in
the “SAE J2601” refueling protocol [60].

According to the “SAE J2601” standard, HRSs can adopt two methods for the refueling
process: “Table-based” and “MC Formula” [67]. The “MC Formula” method is a formula-
based approach that uses a dynamic pressure ramp rate (PRR) calculated during refueling,
with the target end-of-fill pressure being obtained continuously [68]. The calculation is
carried out using a set of empirical formulas and coefficients, depending on parameters,
such as the vehicle initial tank pressure, tank capacity, ambient temperature and the tem-
perature of the pre-cooled fuel leaving the dispenser. Adaptive control is used to carry out
this calculation over a range of pre-cooling temperatures from −40 ◦C to −17.5 ◦C [69]. The
“Table-based” method refers to a look-up table approach that uses a fixed PRR, providing a
fixed end-of-fill pressure target [68]. This approach is based on tabulated values, presented
in a varied set of individual tables that are determined depending on the vehicle tank
storage capacity (2–4 kg, 4–7 kg and 7–10 kg), the type of dispenser interface (with or
without communication of information on the temperature and pressure parameters of
the vehicle tank), the delivered pressure classes (350 bar and 700 bar) and the different
pre-cooling temperature categories (−40 ◦C, −30 ◦C or −20 ◦C) [69]. In this method, the
ambient pressure defines the speed of refueling, particularly the average pressure ramp
rate, and the combination of ambient temperature and initial pressure specifies the desired
pressure to be reached when the refueling is completed [69,70].

The temperature is a fundamental factor to be taken into account since excessive
temperatures can negatively influence the tank material’s mechanical properties and the
filling efficiency [66]. To shorten refueling times, high pressure differences are required
between the vehicle tank and the tanks installed in the HRS, so heat is generated when
refueling the vehicle as the gas expands due to the hydrogen-negative Joule–Thomson
coefficient [71]. During the refueling process, the Joule–Thomson coefficient effect happens
when gaseous hydrogen at a high pressure flows through the valve assembly, resulting in an
increase in the hydrogen temperature [72]. Therefore, when the vehicle needs to be refueled,
the high-pressure storage system in the HRS is cooled to a set pre-cooling temperature,
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assuring that the hydrogen temperature does not exceed 85 ◦C, by a pre-cooling unit, also
known as a chiller.

7. Energy Consumption in Hydrogen Refueling Stations

The costs of operating expenditure (OPEX) in HRSs represent a major impact on the
costs of these infrastructures. The energy consumption required for an HRS to operate daily
has a crucial influence on OPEX [73]. HRSs are mainly driven by OPEX, with transportation
and electricity accounting for more than 80% of global costs [40]. The OPEX can also
impact the levelized cost of hydrogen (LCOH), which is the price for a unit of hydrogen
delivered [74]. In an off-site HRS with external hydrogen supply sources, the hydrogen
supply cost represents more than 50% of the LCOH, although, in an on-site HRS, the
power costs are the predominant element affecting the LCOH [75]. Energy consumption
is, therefore, a major factor in the viability of on-site HRSs, and it is essentially present in
three main processes, namely, the electrolysis process, the compression process and the
pre-cooling process. According to these processes, the main elements that contribute to
energy consumption can also be identified, which are the electrolyzer, the compressor and
the chiller [76]. Figure 4 highlights these processes in the sections of HRSs.
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The electrolysis process, performed by the electrolyzer, is related to the production
process and is the process that requires the most energy compared to the other processes
mentioned [76]. Considering the daily energy demand, the electrolyzer has the predominant
rate, reaching around 88.5% of the daily energy demand over 24 h [77]. The electrolyzer
has a highly specific electricity consumption of more than 50 kWh per kg of hydrogen
produced and, therefore, electricity prices lead OPEX to dominate the LCOH [78]. The
efficiency of each type of electrolyzer is also a factor that influences electricity costs, so
the higher the efficiency of the electrolyzer, the lower the energy consumption per kg of
hydrogen produced [79]. Of the four types of electrolyzer present, SOE is the one with the
highest efficiency and, consequently, the lowest energy consumption, while PEM usually
has a higher energy consumption, which is generally explained by the fact that they also
operate at a higher pressure during the electrolysis process [80].

To raise the hydrogen pressure, the compressor also needs to consume energy, which
is dependent on the power of the compressor and the time it is in operation. The com-
pressor operating time is dependent on the quantity of mass that the tank requires to be
fully filled, and the compressor power becomes higher as the pressure ratio between the
pressure inlet and pressure outlet increases, so the power required is greater when refilling
a high-pressure tank [81]. The energy required is also influenced by the compression and
storage system utilized in the HRS, with the cascade refueling system presenting lower
energy consumption, achieving overall savings of around 34% in energy consumption [82].
Depending on the type of compressor installed in the HRS, the specific energy consumption
could differ. Electrochemical compressors, on average, have an energy consumption value
bellow 4 kWh per kg of hydrogen produced, and metal hydride compressors have the
highest energy consumption, because of the low thermal conductivity of the absorbent
materials and the high heat of absorption, with a relatively high value of 10 kWh per kg
of hydrogen produced [56]. In relation to the types of mechanical compressors, piston



Energies 2024, 17, 4906 11 of 16

compressors and diaphragm compressors have an energy consumption value of less than
5 kWh per kg of hydrogen produced, while ionic liquid compressors account for an energy
consumption of approximately 2.7 kWh per kg of hydrogen produced [56].

As the chiller pre-cools the hydrogen to a negative temperature, it also involves
energy consumption and, therefore, energy costs, as it needs an energy supply to carry
out the operation. The energy intensity for pre-cooling the hydrogen depends heavily
on the utilization rate of HRSs. Taking into account the impact of the level of utilization,
there is a range of energy intensities between 0.5 kWh per kg of hydrogen produced and
50 kWh per kg of hydrogen produced, with the result that for a utilization of more than
60%, there is an electricity consumption of less than 1 kWh per kg of hydrogen produced,
approaching a value of 0.3 kWh per kg of hydrogen produced when the capacity of the HRS
is fully utilized [83]. Upon full operation, the electrical energy needed to pre-cool hydrogen
is expected to be approximately 10% of the total energy consumption of an HRS [84].
As the amount of hydrogen dispensed daily increases, the energy savings become also
more efficient. For an HRS with a capacity of 180 kg per day, it is possible to obtain an
improvement in energy efficiency of about 1.2% to 5.5%, while for a capacity of 360 kg
per day, the improvements can be greater, with savings of between 2.9% and 8% [85]. The
energy demand of the pre-cooling system is reduced when using more storage tanks [86],
and, for a refueling process up to 350 bar, the cascade system requires less than 12% to
20% of energy to pre-cool the hydrogen [87]. However, reducing pre-cooling energy barely
impacts the global energy savings, since pre-cooling only accounts for 4% of the energy
demand for compression [86].

Energy Management Strategies

Within the scope of the strategic approaches found in the literature to reduce energy
costs in HRSs, some common solutions stand out. Particularly, the use of renewable energy
sources is a factor that forms part of most of the operating methodologies in the studies
carried out. That methodology can be justified by the fact that renewable energy sources
enable on-site HRSs to move away from a dependance on electricity prices and their
use and, consequently, the production of green hydrogen has the potential to become an
attractive option, especially when combined with low electricity prices [40].

Although some of these strategies include the use and sharing of the power grid,
different approaches are considered, which differ according to some of the articles in the
literature. Therefore, the operating methodologies in the literature are defined according
to the availability and production of the energy sources in HRSs [76,88–94] or according
to the hourly management of the operating processes in HRSs [95,96]. For the last two
articles, the method involved managing the scheduling of operational processes at an
hourly level, which may be dependent on the hours of demand and electricity prices. On
the other hand, in most articles, the method prioritizes the availability of energy produced
by renewable sources, as well as the use of energy from the electrical power grid when
there is no production from renewable sources. In the study presented in [88], the authors
conclude that the proposed optimized system could produce 58,615 kg of hydrogen per
year, reducing CO2 emissions by 8209 kg per year. Table 4 compares and summarizes the
methodologies used.
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Table 4. Summary of the strategies used in the literature for energy management in HRSs.

Article Electricity Prices
Analysis

Use of Renewable
Sources Analysis

Strategy Based
on Electricity

Prices

Strategy Based
on Renewable

Production

[76] No Yes No Yes
[88] No Yes No Yes
[89] Yes Yes Yes Yes
[90] Yes Yes Yes Yes
[91] Yes Yes Yes Yes
[92] No Yes No Yes
[93] Yes Yes Yes Yes
[94] Yes Yes Yes Yes
[95] Yes Yes Yes Yes
[96] Yes No Yes No

8. Conclusions

The success of using hydrogen in the mobility sector requires a competitive and mature
technology, which is highly dependent on the development of HRSs. This development
needs to overcome some barriers, namely technological and economic challenges. The
economic challenges are present not only from the initial investments but also during HRS
operation. This review focused on HRS operation, considering the various processes during
vehicle refueling, the key processes that contribute for the operating costs associated with
energy consumption and the main operation methodologies related to energy management
strategies found in the literature. Energy consumption is a relevant parameter to consider
for the deployment of HRSs, essential in on-site HRSs. The production of hydrogen
in an HRS, carried out by the electrolyzer, is the process that requires the most energy
consumption of all possible processes during HRS operation, and, so, if it is decided to
be a necessary process for HRSs, it is important to develop methodologies for optimizing
costs. The operation methodologies found in the literature aim to reduce the energy costs
by using and sharing the power grid, and, in most articles, the operation management
is based on the use of renewable energy sources. The inclusion of renewable sources
is seen as an advantage for operational management, and it can be concluded from the
related studies that it is a viable solution with economic benefits for the operation of HRSs.
The use of renewable energy sources is also particularly important for the purpose of
the decarbonization target, although it also involves investments costs, and, primarily, it
may be necessary to combine the use of the electrical power grid with renewable energy
sources to optimize profits. In future research, an economic analysis alongside a life cycle
assessment of HRSs could be important for a better comprehension of and enhancement in
the benefits of implementing this type of infrastructure. As the years go by, it is expected
that the costs of HRSs and renewable energy source technologies will be reduced and, as a
result, there will be significant economic benefits to the successful transition to hydrogen.
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