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Abstract: The present paper offers a thorough examination of the safety measures enforced at hy-
drogen filling stations, emphasizing their crucial significance in the wider endeavor to advocate
for hydrogen as a sustainable and reliable substitute for conventional fuels. The analysis reveals a
wide range of crucial safety aspects in hydrogen refueling stations, including regulated hydrogen
dispensing, leak detection, accurate hydrogen flow measurement, emergency shutdown systems,
fire-suppression mechanisms, hydrogen distribution and pressure management, and appropriate
hydrogen storage and cooling for secure refueling operations. The paper therefore explores several as-
pects, including the sophisticated architecture of hydrogen dispensers, reliable leak-detection systems,
emergency shut-off mechanisms, and the implementation of fire-suppression tactics. Furthermore,
it emphasizes that the safety and effectiveness of hydrogen filling stations are closely connected to
the accuracy in the creation and upkeep of hydrogen dispensers. It highlights the need for materi-
als and systems that can endure severe circumstances of elevated pressure and temperature while
maintaining safety. The use of sophisticated leak-detection technology is crucial for rapidly detecting
and reducing possible threats, therefore improving the overall safety of these facilities. Moreover, the
research elucidates the complexities of emergency shut-off systems and fire-suppression tactics. These
components are crucial not just for promptly managing hazards, but also for maintaining the station’s
structural soundness in unanticipated circumstances. In addition, the study provides observations
about recent technical progress in the industry. These advances effectively tackle current safety
obstacles and provide the foundation for future breakthroughs in hydrogen fueling infrastructure.
The integration of cutting-edge technology and materials, together with the development of upgraded
safety measures, suggests a positive trajectory towards improved efficiency, dependability, and safety
in hydrogen refueling stations.

Keywords: hydrogen refueling stations; hydrogen equipment; gas management panel; hydrogen
storage and cooling; safety measures

1. Introduction

The growing acknowledgment of hydrogen as a feasible substitute for traditional fuels
has resulted in an increasing number of hydrogen refueling stations (HRSs) in different
geographical areas [1]. The observed increase might be seen as a manifestation of the world-
wide transition towards environmentally friendly and enduring energy alternatives [2,3].
Ensuring the operational safety of hydrogen refueling stations is crucial for the widespread
acceptance and integration of hydrogen, particularly in the automobile sector. The spatial
allocation of HRSs serves not only as a practical requirement for facilitating the operation
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of hydrogen-fueled cars, but also as a symbolic representation of a more environmentally
conscious and sustainable trajectory. The expansion in question may be attributed to the
collective endeavors of governmental bodies, industry participants, and local communities
that share a common goal of achieving a society that is carbon neutral [4]. The densification
of HRS networks is of paramount importance as it effectively addresses the issue of “range
anxiety” experienced by prospective purchasers of hydrogen vehicles, therefore expedit-
ing the widespread acceptance and utilization of hydrogen-powered transportation [5].
The presence of strategically located refueling stations enhances the appeal of hydrogen-
powered cars as a viable alternative for customers, offering a level of refueling convenience
that is equivalent to that of gasoline-powered vehicles [6]. Moreover, the possibility of
on-site hydrogen generation is very promising for a reliable supply chain [7–10].

Furthermore, the proliferation of HRSs is frequently accompanied by breakthroughs in
technology related to hydrogen generation, storage, and dispensing [11]. The geographical
distribution of hydrogen technologies fosters technical innovation by exposing diverse
locations to distinct difficulties and opportunities, hence promoting the advancement of
hydrogen technologies that are both more efficient and safer [12]. Figure 1 presents the
geographical distribution of HRS installations as a percentage of the worldwide total of 540
in the year 2020. Europe represents 35.18% of the installations, demonstrating a significant
commitment to the development of hydrogen infrastructure. Asia dominates other areas
with a share of 51.85%, underscoring its prominent position in the hydrogen industry,
which may be ascribed to significant investments and government efforts. North Amer-
ica, representing 12.59% of the global market, has a rising inclination towards hydrogen
infrastructure, but at a more gradual rate compared to Asia and Europe. South America
and Australia each account for a negligible 0.19% portion, indicating that the development
of hydrogen fueling infrastructure is either in its early stages or not a current focus in
these areas.
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For example, ongoing research and development efforts are focused on enhancing
electrolyzer technologies [13,14], optimizing compression systems [15], and refining stor-
age solutions [16] to guarantee that HRSs are equipped with cutting-edge technology to
facilitate safe and efficient operations. Moreover, the proliferation of HRSs may be seen
as a tangible representation of the increasing investment in hydrogen infrastructure by
both public and private entities [17]. The outreach efforts of HRSs further serve to foster
the emergence of novel employment prospects, therefore making a valuable contribution
to local economies. The emergence of hydrogen fuel as a viable alternative has created
opportunities for the development of a novel industry [18,19]. This industry involves
several aspects, including the establishment of refueling stations as well as the upstream
and downstream sectors of the hydrogen economy [20,21]. Finally, the widespread distribu-
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tion of HRSs creates an environment conducive to the promotion of public education and
awareness concerning hydrogen fuel. The infrastructure facilitates the engagement and
comprehension of hydrogen technology within communities, therefore dismantling miscon-
ceptions and promoting an educated discourse on the practical advantages and problems
linked to hydrogen fuel. Therefore, the expansion of HRSs is a complex phenomenon that
drives the advancement of the hydrogen economy, while simultaneously intersecting with
several dimensions of society, economy, and education. This is a significant step forward
in the pursuit of a sustainable and environmentally friendly energy future, in line with
international endeavors to address the consequences of climate change.

This study aims to integrate the safety measures outlined in the previous literature,
examining the results and limitations via the analysis of up-to-date academic research
data. The objective is to enhance the understanding of existing safety practices in HRSs
and to identify areas of expertise as well as possible deficiencies that may need additional
research or the implementation of improved safety protocols. The research introduces
new contributions:

• The present manuscript enhances the comprehension of HRS safety operations by
connecting the current safety regulations with the changing demands of contemporary
hydrogen fuel infrastructure.

• It provides a thorough analysis of the technical efficiency of crucial HRS equipment,
with a particular focus on the function of each component in ensuring station safety.

• The research provides an evaluation of new safety measures, including advanced fire
suppression, improved leak detection, and emergency response tactics, to thoroughly
analyze the safety infrastructure of HRSs.

Having a clear knowledge of this is crucial, as it forms the basis for complying with
regulatory requirements and strengthening public trust in hydrogen as a feasible alternative
fuel. The innovative aspects of this research have the following intentions:

• Support the current efforts to develop hydrogen as a reliable and eco-friendly energy
source, representing a major advancement in the transition to clean energy.

• Address the existing lack of research on HRS safety: this study introduces a new
approach to evaluating equipment and procedures. This will provide the foundation
for future improvements in safety.

Each item highlighted represents a unique element of the larger research puzzle,
adding to the current knowledge base with new perspectives and facilitating the creation
of stronger and more precise safety measures for HRSs.

2. Materials and Methods

The methodology outlined in this section offers a systematic strategy for perform-
ing a thorough literature study and subsequent analysis to assess the safety measures
implemented in HRSs. The rigorous procedure guarantees a comprehensive analysis of
the available literature in order to obtain a strong comprehension of the current safety
protocols, their efficacy, and any constraints. The objective of this study is to provide a
foundation for researchers and practitioners to reproduce, expand upon, and enhance the
knowledge acquired through this research.

The literature review process is a crucial component of academic research since it
involves a systematic examination and analysis of existing scholarly works relevant to a
particular research topic. The major database utilized for this literature analysis is Scopus,
due to its comprehensive collection of peer-reviewed publications across several fields and
its powerful search functionalities. The search query employed to filter pertinent articles
was “hydrogen AND (refueling OR refuelling) AND station AND safety.” The formulation
of this search query was carefully designed to guarantee a thorough retrieval of publications
relevant to the safety protocols in the field of HRSs. The search was performed within the
title, abstract, and keywords of the publications to obtain a targeted yet thorough retrieval
of pertinent papers, as shown in Figure 2.
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The criteria for inclusion consisted of articles that had undergone peer review, as well
as conference papers and technical reports that had been published in the English language.
The main emphasis was placed on articles that examined safety measures, technologies,
and protocols in the field of hydrogen stations. However, articles that lacked direct rele-
vance to the safety of HRSs or were not accessible in the English language were omitted
from consideration.

As a result of the literature review analysis, which will be extensively discussed in the
following sections, the analysis uncovered a wide range of crucial safety-related areas in
HRSs in terms of relative procedures, research activities, and best practices. These topics
cover seven essential aspects, as shown in Figure 3: guaranteeing controlled hydrogen
dispensing to vehicles, detecting and monitoring unintended hydrogen leaks, precisely
measuring hydrogen flow during refueling, implementing emergency shutdown systems
for swift operational cessation in emergencies, establishing fire-suppression mechanisms,
managing hydrogen distribution and pressure through gas management panels, and main-
taining proper hydrogen storage and cooling to ensure safe filling.
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3. Analysis and Results

The growing recognition of hydrogen as a feasible substitute for conventional fuels
has resulted in the widespread establishment of HRSs. The prioritization of operational
safety inside these stations is crucial for promoting public acceptability and compliance
with regulatory criteria. An extensive examination of the scholarly literature uncovers
many essential safety measures and considerations that have been developed and applied
throughout HRSs. The safety procedures outlined in the literature primarily focus on
mitigating the occurrence of hydrogen leaks and effectively managing possible sources of
ignition. The principal safety measures encompass seven main areas: hydrogen dispensing,
leak-detection and monitoring systems, flow measurements, emergency shutdown systems,
fire-suppression systems, gas management panels, and hydrogen storage and cooling.

3.1. Hydrogen Dispenser Design and Maintenance

Hydrogen dispensers play a crucial role in hydrogen refueling stations, as they are
specifically designed with numerous safety features to accommodate the distinctive prop-
erties of hydrogen [22]. The safety of these dispensers is achieved through a sophisticated
combination of factors, including the careful selection of materials, effective pressure con-
trol, precise nozzle design, the integration of advanced sensors, the incorporation of safety
mechanisms such as breakaway couplings, grounding to prevent electrostatic discharge,
and the use of explosion-proof components [23,24]. Every one of these characteristics plays
a crucial part in guaranteeing secure refueling operations. Stainless steel is primarily uti-
lized in construction because of its compatibility with hydrogen, which prevents chemical
reactions and degradation [25]. The nozzles are intricately engineered with safety interlocks
to prevent unintended hydrogen release, while integrated sensors continuously monitor
crucial parameters such as temperature and pressure to guarantee operational safety. More-
over, the dispensers are outfitted with automatic shut-off valves that have a vital function in
halting the flow of hydrogen in the event of malfunction, thereby substantially diminishing
the likelihood of accidents [26].
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Ensuring the safe operation of hydrogen dispensers is equally important to their
design, making maintenance a critical aspect. Regular maintenance entails a methodical
approach to examining, evaluating, and upgrading the dispensing equipment. Regular
inspections need to be conducted to detect possible leaks, indications of deterioration, and
any harm to vital elements such as hoses and nozzles. Pressure testing is a crucial aspect
of maintenance, as it guarantees that the dispensers are capable of safely managing the
high-pressure circumstances necessary for hydrogen refueling. The regular calibration of
sensors and measuring instruments is performed to uphold their accuracy, which is crucial
for ensuring operational safety. Ensuring the cleanliness and proper functioning of filters is
crucial for preserving the purity of dispensed hydrogen. Regular inspections are conducted
on electrical systems, including grounding mechanisms, to mitigate any potential hazards
related to electrostatic discharges. In addition to these technical aspects, the software that
manages the dispensers is regularly updated to improve their functionality and safety. In
addition, maintenance personnel receive regular training to keep up with safe handling
practices and emergency procedures. Maintaining comprehensive documentation of all
maintenance activities is a crucial practice that aids in monitoring the condition of the
dispensers over time and predicting potential problems. The main aspects of hydrogen
dispenser safety are summarized in Table 1.

Table 1. Key aspects of hydrogen dispenser safety.

Aspect Description

Material selection Use of hydrogen-compatible materials like stainless steel to prevent chemical reactions.
Pressure management Design to handle high-pressure hydrogen safely.

Nozzle design Safety interlocks to prevent accidental hydrogen release.
Sensor integration Monitoring of temperature, pressure, and flow rate for safety.
Safety mechanisms Breakaway couplings and automatic shut-off valves for emergency situations.

Grounding and ESD Protection Prevention of electrostatic discharge to avoid ignition risks.
Explosion-proof components Ensuring electrical components do not cause sparks.

Regular inspections Checking for leaks, wear, and damage.
Pressure testing Ensuring dispensers can handle operational pressures.

Calibration Maintaining accuracy of sensors and instruments.
Filter maintenance Regular cleaning/replacement for hydrogen purity.

Electrical system checks Inspecting grounding and electrical components.
Software updates Enhancing dispenser functionality and safety.
Personnel training Equipping maintenance staff with up-to-date safety knowledge.

Record keeping Detailed documentation of maintenance activities for tracking dispenser health.

Pressure rating and temperature requirements are vital considerations in the design
and maintenance of hydrogen dispensers, as they have a substantial impact on operational
safety and efficiency. The pressure rating of hydrogen dispensers is a crucial design
parameter that directly impacts their safety and functionality. Hydrogen is commonly
distributed at elevated pressures to enhance the effectiveness of fueling and storage. There
are two established pressure ratings for hydrogen dispensers, specifically designed to
accommodate various types of vehicles. Light-duty vehicles commonly utilize dispensers
with a rating of 700 bar [27], whereas heavy-duty vehicles may employ dispensers with a
rating of 350 bar [28,29]. High pressures are essential for effectively compressing hydrogen
to attain the desired energy density in the fuel tank of the vehicle. Dispensers are designed
to effectively and securely manage these elevated pressures. This entails the development
of durable pipes, hoses, and connectors that can endure the operational pressure without
any leakage or malfunctions. The materials employed must uphold their structural integrity
amidst these elevated pressure conditions. Safety valves and pressure relief mechanisms are
essential components of dispenser design, serving to ensure safety and prevent excessive
pressure buildup. These components are essential for averting excessive pressure and for
safely discharging pressure in the event of system malfunctions.



Hydrogen 2024, 5 108

Effective temperature control in hydrogen dispensers is a crucial aspect due to the
unique properties of hydrogen and the thermodynamics involved in its compression and
dispensing process:

• The compression or dispensing of hydrogen can result in a substantial increase in its
temperature [30]. Dispensers are designed with temperature management and control
systems to ensure that the temperature increase remains within safe limits.

• The materials utilized in the dispenser, particularly in seals and hoses, must possess
the ability to endure temperature fluctuations without undergoing degradation [31].
This guarantees prolonged resilience and security.

• The dispensers are equipped with integrated temperature sensors that offer real-time
data, enabling the monitoring and control of hydrogen temperature while refueling.
Ensuring safe operation is crucial, as excessively high temperatures can present safety
hazards [32].

Protocols for maintenance specifically target pressure and temperature issues [33].
Hydrogen dispenser maintenance protocols involve periodic inspections and adjustments
pertaining to pressure and temperature [34]. Routine pressure tests are conducted to verify
that the dispenser is capable of safely withstanding its designated pressure [35]. This
entails conducting inspections to detect any leaks and ensuring the appropriate operation
of pressure relief valves [36,37]. The maintenance procedure involves the inspection and
calibration of temperature sensors to guarantee their precise monitoring and the control of
hydrogen temperature during the dispensing process. Seals and hoses, which experience
strain as a result of changes in pressure and temperature, undergo regular inspections to
identify any signs of wear or damage. Safety valve testing is performed periodically to
verify their proper functioning during instances of excessive pressure.

It is crucial to integrate these strict pressure and temperature specifications into the
design and maintenance of hydrogen dispensers to ensure the secure and effective func-
tioning of hydrogen refueling stations. These measures aid in reducing risks related to
high-pressure hydrogen fueling and guarantee adherence to pertinent safety standards and
regulations [38].

The hydrogen refueling process commences by utilizing hydrogen stored within a
storage tank that operates at high pressure, as shown in Figure 4. The HRS supplies
hydrogen from its main storage system, which is then transferred into the vehicle’s tank via
a cascading process. If the storage pressure of the HRS is lower than that of the vehicle’s
compressed hydrogen storage system (CHSS), a compressor is used to provide the necessary
refueling pressure. To avoid excessive heat in the CHSS, hydrogen is subjected to a cooling
process in a pre-cooling unit before entering the CHSS. The pressure control valve (PCV) is
crucial for controlling the pace at which the pressure increases, which in turn affects the
amount of mass flow into the vehicle’s tank.

The hydrogen is transported through high-pressure piping to the dispenser. A com-
pressor can be employed to elevate the pressure of hydrogen. Subsequently, the pressure
regulator fine-tunes the hydrogen to a suitable level for dispensing. The dispenser unit,
equipped with a hose and nozzle specifically designed for safe and reliable attachment to
vehicles, enables the process of refueling. The presence of safety valves, temperature and
pressure sensors, and a breakaway mechanism on the hose guarantees both the safety and
efficiency of the refueling process. Grounding and electrostatic discharge (ESD) protection
are essential components of this process.
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3.2. Leak-Detection Systems in Hydrogen Stations

Ensuring the detection of leaks in hydrogen stations is of utmost importance be-
cause hydrogen possesses a high susceptibility to catching fire and is difficult to see [40].
State-of-the-art technologies are utilized to efficiently and precisely identify leaks, thereby
improving safety in these settings [41,42]. The main technology is centered around sensors
capable of detecting hydrogen at extremely low concentrations [43–45]. These sensors
function based on principles such as thermal conductivity, electrochemical reactions, and
semiconductor-based detection [46,47].

Thermal conductivity sensors exploit the disparity in thermal conductivity between
hydrogen and air. The sensor is capable of detecting a change in conductivity and subse-
quently activating an alarm when hydrogen is detected. Electrochemical sensors function
by undergoing a chemical reaction with hydrogen, resulting in the generation of an electric
current that is directly proportional to the concentration of hydrogen. This current serves
as an indication of the existence of a leak. Conversely, sensors that rely on semiconductors
exhibit alterations in their electrical resistance when hydrogen is present. The sensors are
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incorporated into the safety system of the station and strategically positioned in areas prone
to leaks, such as in proximity to dispensers, storage tanks, and pipelines.

The efficacy of leak-detection systems in hydrogen stations can be evaluated based on
various criteria, such as sensitivity, response time, and environmental adaptability:

• The sensitivity of a leak-detection system is crucial. Hydrogen sensors must be capable
of detecting extremely low levels of hydrogen in order to ensure the prompt detection
of leaks. Semiconductor-based sensor systems are generally characterized by their
high sensitivity, enabling them to detect hydrogen at concentrations as low as parts
per million (ppm).

• Swift detection is crucial for ensuring safety. Electrochemical sensors are renowned for
their rapid response, frequently detecting hydrogen leaks within a matter of seconds.
The timely identification of this prompt is crucial for implementing safety measures
promptly to reduce risks.

• Environmental adaptability is crucial for leak-detection systems, as they need to
function consistently and effectively in diverse environmental circumstances. Thermal
conductivity sensors are durable and less affected by changes in the environment,
whereas semiconductor sensors may need frequent calibration and are more responsive
to fluctuations in temperature and humidity.

The effectiveness of the sensors is also influenced by their maintenance requirements
and operational lifespan. Electrochemical sensors, although they offer high sensitivity and
rapid response, tend to have a shorter operational life and necessitate more frequent re-
placement when compared to thermal conductivity sensors. The financial implications of in-
stalling and maintaining leak-detection technology can significantly influence the decision-
making process. Despite their susceptibility to environmental factors, semiconductor-based
sensors are widely favored due to their cost-effectiveness in comparison to alternative
types. Based on this evaluation and contrast, it is evident that no individual technology
outperforms others in every aspect. However, a blend of diverse sensor types can offer a
thorough and efficient system for detecting leaks in hydrogen stations. Every type adds its
unique strengths, forming a complex safety mechanism that is essential for these hazardous
environments, as summarized in Table 2.

Table 2. Comparison of leak-detection technologies.

Technology Sensitivity Response Time Environmental
Adaptability Maintenance Cost Effectiveness

Thermal
Conductivity

Moderate
(500 ppm—4%) Moderate (<15 s) High Low Moderate

Electrochemical Moderate
(up to 4%) Moderate (<30 s) Moderate Moderate High

Semiconductor High
(1 ppm—2%) Fast (<2 s) Low High Low

3.3. Flow Measurements in Hydrogen Refueling Stations

Flow measurements in hydrogen refueling stations are crucial for accurately quanti-
fying the fuel dispensed and maintaining safety. Precise flow measurement is crucial for
monitoring and regulating the rate of hydrogen transfer, which is vital to avoid excessive
pressure and ensure effective and secure refueling operations [48]. Various technologies are
utilized for measuring the flow in these stations, each possessing distinct characteristics.

The Coriolis flow meter utilizes the Coriolis effect to measure the mass flow of hy-
drogen by detecting the impact of this effect on a vibrating tube [49,50]. The device offers
exceptional precision and enables the precise measurement of mass flow, making it particu-
larly advantageous in high-pressure settings such as hydrogen stations. An ultrasonic flow
meter is a device that determines flow rate by measuring the time it takes for ultrasonic
pulses to travel. These devices are unobtrusive and devoid of any mechanical components,
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rendering them resilient and requiring no upkeep. Nevertheless, the precision of their
measurements can be affected by the physical characteristics of the gas. Electromagnetic
flow meters are primarily used for measuring liquid flow, but they can also be utilized for
gases as long as the gases have conductivity. Flow is quantified by assessing the voltage
produced when the fluid traverses a magnetic field. The limitation of using hydrogen lies
in its non-conductive nature, which poses a challenge. A differential pressure flow meter is
a device that determines the rate of flow by measuring the decrease in pressure caused by
an obstruction in the flow path. Although commonly employed and economically efficient,
their precision can be influenced by variations in pressure and temperature.

The selection of flow measurement technology in hydrogen refueling stations is con-
tingent upon factors such as precision, expense, and compatibility with high-pressure
hydrogen environments [51,52]. Coriolis flow meters are renowned for their remarkable
precision and dependability, making them the preferred option for situations where accu-
racy is of utmost importance. Nevertheless, they have a higher cost compared to alternative
flow meters. Ultrasonic flow meters provide the benefits of being non-invasive and requir-
ing no maintenance, although their precision may be slightly inferior in comparison to
Coriolis meters. Hydrogen’s non-conductive nature makes electromagnetic flow meters
less prevalent in hydrogen applications, and they typically provide moderate accuracy.
Differential pressure flow meters are economical and commonly employed, although they
may not provide the same degree of precision as Coriolis or ultrasonic meters, particularly
under fluctuating pressure and temperature circumstances.

As shown in Table 3, Coriolis and ultrasonic flow meters are typically more precise
and appropriate for hydrogen refueling stations. However, differential pressure flow
meters provide a cost-effective alternative with reasonably accurate results. The selection
of technology frequently involves weighing the requirement for accuracy against financial
limitations and the particular demands of each hydrogen refueling station.

Table 3. Comparison of flow measurement technologies.

Technology Accuracy Suitability for Hydrogen Cost

Coriolis Flow Meter Very High Excellent High
Ultrasonic Flow Meter High Good Moderate

Electromagnetic Flow Meter Moderate Limited Moderate
Differential Pressure Flow Meter Moderate Good Low

3.4. Emergency Shut-off Mechanisms in Hydrogen Refueling Stations

Emergency shut-off mechanisms are vital safety components in hydrogen refueling
stations [53,54]. They are specifically engineered to promptly cease the flow of hydrogen in
case of an emergency, such as a leak, fire, or system failure. These mechanisms are essential
for mitigating potential hazards related to hydrogen, which is highly combustible and can
undergo explosive reactions under specific circumstances.

The main categories of emergency shut-off mechanisms utilized in hydrogen refu-
eling stations consist of manual emergency shut-off, automatic emergency shut-off, and
breakaway couplings, as summarized in Table 4:

• Manual emergency shut-off: This refers to a tangible system for shutting off operations,
typically in the form of a button or switch, conveniently located for station operators
and occasionally accessible to customers as well. Depressing this button during an
emergency will promptly terminate the hydrogen supply from its source, thereby
mitigating the potential hazards associated with hydrogen.

• Automatic emergency shut-off: These systems are activated automatically by the
safety systems of the station. They are triggered in reaction to particular perilous
circumstances, such as sensing a hydrogen leakage, excessive pressure accumulation,
or a fire. The station is equipped with sensors that detect these conditions and activate
the shut-off mechanism automatically when required.
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• Breakaway couplings are installed on hydrogen hoses to securely detach the hose from
the dispenser or vehicle in the event of accidental drive-offs or excessive force. This
detachment effectively seals both ends of the hose, thereby preventing any hydrogen
from escaping.

Table 4. Comparison of emergency shut-off mechanisms.

Mechanism Type Activation Method Primary Function Speed of Activation

Manual Emergency Shut-off Human-operated Cuts off hydrogen
supply manually Immediate upon activation

Automatic Emergency
Shut-off Sensor-triggered Automatically cuts off supply

in hazardous conditions
Immediate upon detection

of hazard

Breakaway Couplings Mechanically triggered (e.g.,
by force)

Seals hose ends upon
accidental detachment

Instantaneous upon exceeding
force threshold

During an emergency, these shut-off mechanisms quickly stop the release of hydrogen,
thereby minimizing the chances of ignition and explosion. The manual emergency shut-off
is initiated by a human operator who manually activates the system upon identifying
a dangerous situation. Automated emergency shut-off systems are significantly more
advanced. They depend on sensor input to detect perilous conditions. As an illustration,
when a hydrogen leak is detected, a leak-detection sensor transmits a signal to the control
system, which subsequently triggers the shut-off valve. Breakaway couplings function
through mechanical means. In the event that a vehicle drives away while the nozzle is still
connected, the design of the coupling enables it to fracture at a predetermined location.
This break is efficient and guarantees the prompt closure of both ends of the hose, halting
the flow of hydrogen.

3.5. Fire-Suppression Techniques for Hydrogen Fires

Hydrogen fires pose distinct difficulties because of the gas’s elevated flammability
and the imperceptible quality of the flame fire [55–58]. Specialized and highly effective
fire-suppression techniques are necessary for hydrogen refueling stations. Commonly
employed methods encompass water mist systems, dry chemical suppressants, and gas-
based suppression systems [59–61].

Water mist systems are systems that release small water droplets that absorb heat and
displace oxygen, effectively reducing the temperature and depriving the fire of oxygen,
thus extinguishing it. Water mist systems are highly efficient in suppressing hydrogen fires
by minimizing the likelihood of reignition, a prevalent concern associated with hydrogen
flames. The typical dry chemicals utilized comprise powders such as monoammonium
phosphate or sodium bicarbonate. These agents function by disrupting the chemical
reaction of the fire. They possess high efficacy in rapidly extinguishing flames, although
they may not be capable of preventing reignition in the event of hydrogen presence. Gas-
based suppression systems utilize gases such as carbon dioxide or clean agents like FM-200
to either displace oxygen or hinder the chemical reactions that support the fire. Hydrogen
fires are less frequent because of the potential for hydrogen to reignite and the requirement
for airtight conditions for optimal effectiveness.

The efficacy of these fire-suppression methods varies depending on multiple factors,
such as the severity of the fire, environmental circumstances, and the speed at which the
system is deployed, as shown in Table 5.
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Table 5. Comparison of fire-suppression techniques.

Technique Effectiveness Suitable Environments Limitations

Water Mist Systems High Enclosed and open areas Dependent on water supply, less
effective in windy conditions

Dry Chemical Suppressants Moderate to High Open and accessible areas Visibility reduction, does not
prevent reignition

Gas-Based Systems Moderate Enclosed areas Limited in open environments,
does not cool the area

Water mist systems are commonly favored for extinguishing hydrogen fires because
they possess the capability to effectively tackle the distinctive difficulties associated with
such fires, even though every fire-suppression technique has its own advantages. Neverthe-
less, the selection of a system is contingent upon the particular environmental circumstances
and the configuration of the hydrogen refueling station. Employing various methodologies
can also serve as a tactic to guarantee extensive fire extinguishment coverage [62–64].

3.6. Gas Management Panels

Gas management panels play a crucial role in hydrogen refueling stations, acting as
central control systems for regulating the movement and force of hydrogen gas. Their
responsibility in guaranteeing safety and operational efficiency is diverse and crucial for
the seamless operation of these stations. This function is crucial in order to mitigate the
risk of over-pressurization, which is a major hazard in the handling of hydrogen. By
regulating pressure within acceptable thresholds, these panels prevent potential dangers.
In addition, they are frequently incorporated into the station’s leak-detection systems. If a
leak-detection alert occurs, the gas management panel can automatically activate protocols
to stop the hydrogen flow, thus playing a vital role in promptly mitigating the hazard.

Gas management panels play a crucial role in emergency responses when it comes
to safety. These systems are usually designed to promptly react in critical situations,
such as triggering emergency shut-off valves and activating fire-suppression systems
upon detecting a fire or leak. An important characteristic is the incorporation of safety
interlocks. The purpose of these interlocks is to avert inadvertent or unauthorized operation,
guaranteeing that hydrogen dispensing takes place solely under regulated and secure
circumstances. Gas management panels regulate the flow rate of hydrogen to the dispensers
on the operational front. This control is crucial not only for optimizing refueling efficiency
but also for preserving the structural integrity of the vehicle’s hydrogen storage system.
The panels make a substantial contribution to the station’s overall operational efficiency.
They reduce hydrogen waste and guarantee efficient delivery, which is essential for the
financial sustainability of the station.

Moreover, these panels frequently come with the ability to monitor and record data.
They monitor and document crucial operational variables such as flow rates, pressure,
and temperature [65,66]. These data are extremely valuable for regular maintenance,
problem solving, and enhancing station performance. The gas management panels’ user
interface is another crucial attribute. It offers operators immediate access to data and the
ability to control the system in real time, which is crucial for ensuring both the safety
and efficiency of station operation. As summarized in Table 6, gas management panels
play a crucial role in hydrogen refueling stations by ensuring compliance with safety
regulations while meeting operational needs. Their capacity to control, oversee, and react
to diverse circumstances renders them essential for the secure and efficient administration
of hydrogen fuel distribution.
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Table 6. Gas management panels’ role in safety and operation.

Aspect Role in Safety Role in Operation

Pressure Regulation and Monitoring
Prevents over-pressurization to avert

potential hazards, ensuring that hydrogen
is maintained within safe pressure limits.

Ensures hydrogen is delivered at the
correct pressure for efficient refueling and

maintaining vehicle hydrogen storage
system integrity.

Leak-Detection Integration
Automatically shuts off hydrogen flow in
response to leak detection, mitigating risk

of fire or explosion.

Minimizes operational disruptions and
potential wastage of hydrogen due to leaks.

Emergency Response
Activates emergency shut-off valves and

fire-suppression systems during
emergencies, such as detected leaks or fires.

Maintains operational integrity and
prevents escalation of
emergency situations.

Safety Interlocks
Prevents accidental or unauthorized

operation, ensuring hydrogen is dispensed
only under safe conditions.

Ensures controlled dispensing, aligning
with operational protocols and standards.

Flow Control Primarily an operational trait Regulates the flow rate of hydrogen to
dispensers for efficient refueling.

Data Monitoring and Logging Facilitates safety audits and incident
analysis through recorded data.

Provides valuable information for station
maintenance, troubleshooting, and

performance optimization.

User Interface
Allows operators to monitor safety

parameters and respond quickly to any
safety alerts.

Provides real-time control and data to
operators for efficient management

of the station.

3.7. Hydrogen Storage and Hydrogen Pre-Cooling Units

The efficiency and functionality of HRSs are greatly influenced by the design of
hydrogen storage systems. Both the orientation of hydrogen storage tanks and the role
of buffer tanks are pivotal in this context. The selection of either vertical or horizontal
hydrogen storage tanks is contingent upon various site-specific considerations.

Vertical storage refers to the practice of storing items in a vertical position, typically
using shelves or racks that are arranged vertically. This method maximizes the use of
vertical space, allows for efficient organization, and is generally more space-efficient due
to having a smaller footprint, making it advantageous in areas with limited space. Addi-
tionally, this method provides enhanced drainage as a result of gravitational forces, which
contributes to easier upkeep and increased safety. Vertical tanks may necessitate enhanced
structural reinforcement to withstand vertical forces. Tanks in a horizontal orientation are
generally more accessible and easier to maintain because of their reduced height. Due
to their reduced center of gravity, they exhibit greater stability. However, their larger
footprint can pose constraints in specific locations. Horizontal tanks offer greater versatility
in installation, particularly in situations where there is limited vertical space.

The choice between vertical and horizontal tanks is influenced by factors such as the
availability of space, ease of access, structural considerations, and land costs.

Additionally, buffer tanks play a crucial role in improving the functionality of HRSs.
Demand management involves the task of maintaining a stable supply of hydrogen by
effectively managing the fluctuations in demand, particularly during periods of high
refueling activity. Pressure maintenance is essential for sustaining the necessary dispensing
pressure. Buffer tanks play a vital role in enhancing the efficiency of the refueling process,
particularly for high-pressure demands [67]. Operational efficiency is enhanced by storing
hydrogen at pressures that are suitable for immediate dispensing. This reduces the burden
on primary compressors, thereby improving the overall efficiency and lifespan of the
system. The presence of buffer tanks enables expedited refueling by minimizing the
duration required to pressurize hydrogen for individual vehicles. Buffer tanks, regardless
of their position, are essential for controlling variations in demand and ensuring optimal
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performance at HRSs. Their presence is crucial for maintaining a consistent and expedited
hydrogen refueling capacity. Table 7 summarizes the role of each storage system, and it
can be concluded that storage tanks are positioned based on a careful evaluation of factors
such as space optimization, ease of access, and stability.

Table 7. Hydrogen storage systems at HRSs.

Storage System Advantages Considerations

Vertical Storage Tanks Space-efficient, better drainage Require robust structural support

Horizontal Storage Tanks Easier access and maintenance, more stable Require more ground space

Buffer Tanks They balance demand, maintain pressure,
and enhance efficiency

Essential for rapid refueling and
operational consistency

HRSs can refuel vehicles using various methods, such as directly pressurized systems
with a compressor or cascade storage systems [12], as shown in Figure 5. Every method
possesses unique attributes, benefits, and drawbacks, particularly in relation to achieving
pulsation-free operation.
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Directly pressurized refueling using a compressor for refueling provides a consistent
source of hydrogen by directly increasing the pressure from storage to the vehicle. This
method has the ability to scale, allowing for the accommodation of varying levels of
demand. It also has the potential to incorporate larger compressors in order to achieve
higher throughput. The design is relatively simple, requiring a reduced number of storage
tanks and valves. Nevertheless, it can cause fluctuations in flow [67], resulting in a less
seamless refueling process, and prolonged usage can lead to heightened deterioration and
elevated energy usage. On the other hand, cascade storage systems offer operation without
pulsation and are highly efficient in situations with high demand [69–73]. They achieve
this by using multiple tanks to ensure a consistent pressure. This system minimizes the
dependence on compressors, thereby potentially reducing the occurrence of wear and
tear. However, these systems are inherently intricate because they require multiple tanks
operating at varying pressure levels and advanced flow control systems. Additionally, they
necessitate a larger amount of physical area and may encounter difficulties in effectively
utilizing the ultimate phases of the cascade, which could result in inefficiencies.

Ultimately, the decision between a directly pressurized system and a cascade system
hinges on the precise operational requirements and limitations of the HRS. Compressors
provide simplicity and a constant supply, while cascade systems are particularly effective
in delivering smooth operation without pulsations and high efficiency in situations with
high demand. The decision frequently entails weighing these factors in relation to the
availability of space, patterns of demand, and the complexity of operations. An overall
comparison between these two refueling methods is presented in Table 8.

Table 8. Comparison table: directly pressurized vs. cascade system.

Aspect Directly Pressurized with Compressor Cascade System

Pulsation Can introduce pulsations Provides pulsation-free operation
Design Complexity Simpler design More complex with multiple tanks

Maintenance Higher, due to compressor wear Lower, less reliance on compressors
Energy Efficiency Less energy-efficient More efficient in high-demand scenarios

Scalability Easily scalable Requires additional tanks for scaling up
Space Requirement Less space-intensive Requires more space for multiple tanks

Consistency of Supply Continuous supply Steady supply, efficient for peak demand

Hydrogen pre-cooling units are vital in contemporary HRSs, especially those operating
at elevated pressures, such as 700 bar. The main purpose of these units is to lower the
temperature of the hydrogen gas prior to its release into the fuel tank of a vehicle. The
cooling process is crucial for multiple reasons:

• The significance of hydrogen pre-cooling for temperature control during refueling
lies in the fact that when hydrogen is compressed and dispensed, it undergoes a
natural increase in temperature as a result of the Joule–Thomson effect. The elevated
temperature resulting from this heat can significantly increase the hydrogen’s temper-
ature, which may potentially give rise to safety concerns and diminish the efficiency of
fuel transfer.

• To ensure optimal utilization of the storage capacity, it is important to maintain fuel
quality by storing cooler hydrogen, which is denser and allows for greater fuel storage
within the same volume.

• Vehicle hydrogen tanks are engineered to function within designated temperature
thresholds. Pre-cooling the hydrogen is beneficial in avoiding the overheating of the
vehicle’s tank while refueling.

• Compliance with international standards, such as SAE J2601 [36], mandates specific
temperature boundaries for hydrogen fuel during the process of refueling. Pre-cooling
units assist in meeting these standards, guaranteeing secure and uniform refueling
across various stations.
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Hydrogen pre-cooling units employ a refrigeration cycle to reduce the temperature
of the hydrogen gas by having a refrigerant absorb its heat. The process of heat exchange
involves the passage of hydrogen gas through a heat exchanger, where it indirectly interacts
with the refrigerant that is at a lower temperature. The thermal energy from the hydrogen
is transferred to the refrigerant, resulting in the cooling of the hydrogen. The hydrogen’s
temperature is consistently monitored to verify that it falls within the specified range prior
to being introduced into the vehicle’s tank. The cooling capacity of the pre-cooling unit can
be modified to accommodate various refueling conditions, such as ambient temperature or
refueling speed [74,75].

Although hydrogen pre-cooling units are essential for ensuring safe and efficient
refueling, they also bring about added intricacy and expenses to the hydrogen refueling
station. Efficiency optimization is crucial for the design and functioning of these units,
particularly with regard to energy consumption. Ensuring reliable and consistent cooling
performance requires proper maintenance of the refrigeration system to keep it in optimal
working condition [76]. Hydrogen pre-cooling units have undergone substantial advance-
ments as hydrogen fueling technology progresses. These units are crucial for ensuring the
safety and efficiency of hydrogen refueling, particularly under high pressures. The primary
progress in this field centers on enhancing the efficiency of cooling, minimizing energy
usage, and improving the reliability of the system [77]. Contemporary pre-cooling units
frequently utilize sophisticated refrigeration technologies that are both more efficient and
environmentally sustainable [78]. These systems may employ sophisticated refrigerants
that have reduced global warming potential and enhanced heat transfer properties [79].
Advancements in heat exchanger technology have led to a substantial increase in the
efficiency of pre-cooling units. Progress in materials and design enables enhanced heat
transfer, which is crucial for rapidly and evenly cooling hydrogen [80–83]. Recent designs
prioritize compactness and modularity, facilitating the integration of pre-cooling units into
various hydrogen refueling stations, including those with limited space.

The standard temperature range for pre-cooling units in hydrogen stations is specif-
ically engineered to lower the temperature of hydrogen gas to approximately −40 ◦C to
−10 ◦C. This range is adequate to prevent excessive heating during the refueling process,
particularly for high-pressure refueling at 700 bar. Advancements in design also priori-
tize durability of the units and ease of maintenance, guaranteeing long-term dependable
functioning with minimal periods of inactivity. The primary advancements in hydrogen
pre-cooling units revolve around the integration of more effective refrigeration technologies,
enhancing the performance of heat exchangers, improving the adaptability of systems,
and creating compact and modular designs. These advancements are designed to address
the growing need for hydrogen refueling solutions that are efficient, dependable, and
environmentally sustainable.

Hydrogen cooling systems at refueling stations can be classified into two types: active
and passive cooling. Active cooling can be also classified into two categories: direct
cooling and indirect cooling. The direct cooling technique utilizes a diffusion-bonded heat
exchanger to directly decrease the temperature of the hydrogen. It is frequently utilized
because of its effectiveness. Indirect cooling involves the use of a cooling medium, such as
a mixture of water and glycol, to cool the hydrogen. This method is generally discouraged
due to its relatively low efficiency. On the contrary, the passive cooling method involves
utilizing a hydrogen heat exchanger that possesses a substantial thermal mass, thereby
enabling the use of a more compact refrigeration system. It is advisable to use lower
back-to-back fillings for cars.

The efficiency and suitability of each method for hydrogen refueling stations depend
on specific requirements, such as the frequency of back-to-back refuelings [84] or the
quantity of hydrogen dispensed per refueling. Every method possesses distinct applications
and varying levels of efficiency. Direct cooling is favored due to its high efficiency in
situations with high demand. Indirect cooling, although less efficient, can be employed in
certain specific contexts. Passive cooling is appropriate for stations that require refueling
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less frequently, providing a condensed solution. To obtain a comprehensive understanding
and practical implementation, it is essential to assess each technology according to the
distinct needs and operational characteristics of the station. Tables 9 and 10 summarize the
features of the discussed cooling methods.

Table 9. Comparison table of hydrogen cooling methods.

Technology Description

Direct Cooling Uses a diffusion-bonded heat exchanger to cool hydrogen directly. It is efficient and common in
modern systems, and especially suitable for high-volume refueling scenarios.

Indirect Cooling Employs a cooling medium, like water/glycol, to indirectly cool hydrogen. It is generally less
efficient and not recommended for most applications.

Passive Cooling Utilizes a hydrogen heat exchanger with high thermal mass, reducing the size of the refrigeration
system. Recommended for stations with low back-to-back fillings.

Table 10. Key performance indicators (KPIs) of hydrogen cooling methods.

KPIs Direct Cooling Indirect Cooling Passive Cooling

Size of Heat Exchanger Compact Larger due to additional glycol cycle Moderate
Size of Chiller System Large Largest Smallest
Energy Consumption Moderate High Low

Connection Load High Higher Lower
CAPEX Moderate High Lower

Back-to-Back Fillings Rate High Moderate Low
Cooling System Efficient for high demand Suitable for special applications Ideal for fewer fillings

4. Conclusions

This paper has highlighted the utmost significance of safety in the rapidly changing
field of hydrogen fueling technology. This study has explored multiple facets, encompass-
ing the intricate configuration of hydrogen dispensers and resilient leak-detection systems,
as well as the efficacy of emergency shut-off mechanisms and fire-suppression techniques.
The research emphasized that the safety and effectiveness of hydrogen refueling stations
depend greatly on the accuracy of the design and upkeep of hydrogen dispensers, as well
as marked the necessity of materials and systems that can endure extreme conditions of
high pressure and temperature without compromising safety. The incorporation of sophis-
ticated leak-detection technologies is proven to be essential in promptly identifying and
minimizing potential hazards, thereby improving the overall safety of these facilities.

Moreover, the study highlighted the complexity of emergency shut-off mechanisms
and fire-suppression techniques. These components are essential not only for immediate
hazard control but also for maintaining the integrity of the station during unexpected events.
Moreover, the paper provided a perceptive summary of recent technological progress in
the field. These advancements not only tackle existing safety challenges but also lay the
groundwork for future advancements in hydrogen fueling infrastructure. The incorporation
of advanced technologies and materials, along with the development of updated safety
protocols, suggests a favorable trend toward enhanced efficiency, dependability, and safety
in hydrogen refueling stations.

In conclusion, the present paper offered a thorough outlook on the safety protocols
implemented in hydrogen refueling stations, emphasizing their importance in the wider
effort to promote hydrogen as a sustainable and secure substitute for fuel. The findings
from this research can play a crucial role in shaping the advancement of safer and more
efficient hydrogen refueling infrastructures, which are essential for the expanding hydrogen
economy and the global transition towards cleaner energy solutions.



Hydrogen 2024, 5 119

Author Contributions: Conceptualization, M.G., D.B. and P.F.; methodology, M.G., D.B. and P.F.;
software, M.G., D.B. and P.F.; validation, M.G., D.B. and P.F.; formal analysis, M.G., D.B. and P.F.;
investigation, M.G., D.B. and P.F.; resources, M.G., D.B. and P.F.; data curation, M.G., D.B. and P.F.;
writing—original draft preparation, M.G., D.B. and P.F.; writing—review and editing, M.G., D.B. and
P.F.; visualization, M.G., D.B. and P.F.; supervision, M.G., D.B. and P.F.; project administration, M.G.,
D.B. and P.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data and materials are available on request from the corresponding
author. The data are not publicly available due to ongoing researches using a part of the data.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dagdougui, H.; Sacile, R.; Bersani, C.; Ouammi, A. An Overview of Hydrogen Economy. In Hydrogen Infrastructure for Energy

Applications; Academic Press: Cambridge, MA, USA, 2018.
2. Mukelabai, M.D.; Wijayantha, U.K.G.; Blanchard, R.E. Renewable Hydrogen Economy Outlook in Africa. Renew. Sustain. Energy

Rev. 2022, 167, 112705. [CrossRef]
3. BDI Department Energy and Climate Policy. Bringing a European Hydrogen Economy to Scale. 2020. Available online:

https://english.bdi.eu/publication/news/bringing-a-european-hydrogen-economy-to-scale/ (accessed on 1 December 2023).
4. Abe, J.O.; Popoola, A.P.I.; Ajenifuja, E.; Popoola, O.M. Hydrogen Energy, Economy and Storage: Review and Recommendation.

Int. J. Hydrogen Energy 2019, 44, 15072–15086. [CrossRef]
5. Huijts, N.M.A.; Van Wee, B. The Evaluation of Hydrogen Fuel Stations by Citizens: The Interrelated Effects of Socio-Demographic,

Spatial and Psychological Variables. Int. J. Hydrogen Energy 2015, 40, 10367–10381. [CrossRef]
6. Lin, R.-H.; Ye, Z.-Z.; Wu, B.-D. A Review of Hydrogen Station Location Models. Int. J. Hydrogen Energy 2020, 45, 20176–20183.

[CrossRef]
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