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The literature lacks a systematic analysis of HRS equipment and operating standards.

Researchers, policymakers, and HRS operators could find this information relevant for

planning the network's future expansion. This study is intended to address this informa-

tion need by providing a comprehensive strategic overview of the regulations currently in

place for the construction and maintenance of hydrogen fueling stations.

A quick introduction to fundamental hydrogen precautions and hydrogen design is

offered. The paper, therefore, provides a quick overview of hydrogen's safety to emphasize

HRS standards, rules, and regulations. Both gaseous and liquid safety issues are detailed,

including possible threats and installation and operating expertise.

After the safety evaluation, layouts, equipment, and operating strategies for HRSs are

presented, followed by a review of in-force regulations: internationally, by presenting ISO,

IEC, and SAE standards, and Europeanly, by reviewing the CEN/CENELEC standards. A brief

and concise analysis of Italy's HRS regulations is conducted, with the goal of identifying

potential insights for strategic development and more convenient technology deployment.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

CEN European Committee for Standardization

CENELEC European Committee for Electro-Technical

Standardization

EC International Electro-Technical Commission

FCEV Fuel Cell Electric Vehicle

GH2 Gaseous Hydrogen

HRS Hydrogen Refueling Station

ISO International Standards Organization

LH2 Liquid Hydrogen

NSB National Standardization Bodies

SAE Society of Automotive Engineers

SM Steam Reforming

TC Technical Committee

UNI Ente Nazionale Italiano di Unificazione

WE Water Electrolysis

WG Working Group
Introduction

Due to hydrogen's immense potential in energy systems, it

can address a number of pressing energy issues in numerous

sectors [1]. Its uses contribute to the decarbonization of

several industries [2], offer high efficiency in terms of energy

conversion [3], and enable storing energy for long-term oper-

ation [4].

Hydrogen's versatility in application enables the produc-

tion and conversion of energy in a wide range of industries

currently dependent on fossil fuels, guaranteeing minimal or

no environmental impact [5]. Hydrogen is undoubtedly gain-

ing traction as a viable alternative [6], attracting both aca-

demic and corporate attention [7e10].

Since the transportation sector is responsible for approxi-

mately 30% of global carbon dioxide emissions (contributing

to climate change), the use of hydrogen in combination with

fuel cell technology [11], such as in fuel cell electric vehicles

(FCEVs), is widely recognized as an alternative fuel that can

reduce greenhouse gas emissions in this sector. Furthermore,

hydrogen may be generated by the electrolysis of water using
renewable energy, rendering it “green” and “clean” at the

moment of creation [12e14].

Therefore, a network of hydrogen refueling stations,

sometimes referred to as HRSs, should be developed in sup-

port of this new concept of mobility [15]. These points of

refueling are crucial to the distribution infrastructure that

supports a fuel cell (FC)-based sustainable mobility by acting

as a center to facilitate hydrogen supply to FCEVs [16,17].

However, the success of this technology is limited by a num-

ber of barriers that obstacle a sustained development [18]. The

primary drawbacks include a limited adequate infrastructure

[19], a costly investment, and a lack of defined laws, norms,

and standards [20,21] in comparison to other refueling in-

frastructures, such as for methane vehicles or pure electric

vehicles [22e24].

Themost current scholarly contribution onHRS norms and

standards, as far as the authors are aware, was published in

2017 by Pique et al. [25], who evaluated the standards gov-

erning hydrogen fueling stations. Their study was based on

data up to 2014, and it was comprised of materials and data

obtained via private communication with authorities and IA

HySafe [26] members.

Recently, within the HyLaw project [27], researchers faced

a similar challenge by providing market developers with in-

sights into relevant legislation and pointing out legal obsta-

cles. A recent study [28] included a concise and

comprehensive legislative description of HRS laws and stan-

dards, followed by an evaluation and suggestion.

The literature lacks a systematic analysis of HRS equip-

ment and operating standards. Researchers, policymakers,

and HRS operators could find this information relevant for

planning the network's future expansion. This study is

intended to address this information need by providing a

comprehensive strategic overview of the regulations currently

in place for the construction and maintenance of hydrogen

fueling stations.

Regulations for hydrogen refueling stations are extensively

researched and reviewed at the global, European, and Italian

levels. Standards for on-site hydrogen production through

water electrolysis, hydrogen storage (both liquid and gaseous),

and refueling processes are some of the many topics

addressed at the global, European, and Italian levels. To

address this knowledge gap, this paper will offer a high-level

strategic overview of the existing standards governing the
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design and operation of hydrogen filling stations. A quick

introduction to fundamental hydrogen precautions and

hydrogen design is offered.Worldwide, in Europe, and in Italy,

a succinct and complete investigation and assessment of

hydrogen refueling station standards are conducted and

evaluated. Among the several issues reviewed on an inter-

national, European, and Italian level are the standards in ef-

fect for on-site hydrogen generation through water

electrolysis, hydrogen storage, both liquid and gaseous, and

refueling procedures.
Short overview of hydrogen safety

This section will present a brief summary of hydrogen's safety
aspects in order to highlight the requirements of standards,

rules, and regulations at an HRS [29]. Table 1 compares the

primary features of hydrogen to those of other fuels.

Hydrogen is colorless and odorless, with a broad spectrum of

flammability. Hydrogen is flammable across a broad range of

concentrations (from 4 to 74% volume) but has a lower limit

higher than gasoline, propane, and diesel [30].

However, due to hydrogen's low density, it dissipates

rapidly in open areas [31], in contrast to other flammable gases

such as LPG (liquid propane gas), which is heavier than air and

flows downhill. Gases with a high density, such as gasoline

and propane, aremore prone to explosion. These gases tend to

condense near the ground, posing an increased danger of

explosion.

Hydrogen is non-toxic and non-poisonous, and its use as a

fuel produces no odors. Hydrogen dangers may be minimized

with the proper precautions. There are several compelling

reasons to use hydrogen in industry rather than conventional

hydrocarbon fuels such as gasoline or propane [32,33].

Hydrogen has low ignition energy, a rapid flame speed,

poor flame visibility, is colorless and odorless, and has a wide

range of flammability. Hydrogen can burst into flames at

many different gas concentrations in air (from 4 to 74% by

volume), while its lower flammability limit is greater than that

of several other popular fuels such as gasoline, propane, or

diesel.

However, since hydrogen has a density that is approxi-

mately one-fourteenth that of air, it dissipates swiftly in open

regions and so disperses rapidly in the atmosphere [34], in

contrast to other flammable gases such as LPG (liquid propane

gas), which flows downhill due to its heavier density. Because

gasoline and propane are heavier than hydrogen, they are

more prone to explode. Each of them produces gases that tend

to remain close to the ground, increasing the probability of an
Table 1 e Hydrogen properties compared to other fuels.

Property Hydrogen Methane Gasoline

Lower Heating Value [kWh/kg] 33.33 13.89 12.36

Flame temperature in air [K] 2318.15 2148.15 2473.15

Flammable range [vol%] in air 4.0e75.0 5.3e15 1.0e7.6

Ignition energy in air [mJ] 20 290 240

Auto-ignition temperature [�C] 858.15 813.15 503.15

Density ratio with air 0.07 0.55 4.0
explosion. When hydrogen is ignited, it immediately burns

away. The human eye has a tough time detecting hydrogen

combustion since it burns in the UV color spectrum and pro-

duces no smoke. As a result, detectors should be used to

detect unseen flames. Due to its flammability, all electrical

equipment should be grounded to avoid static discharge-

induced sparks [35]. Among some important phenomena

that must be considered for hydrogen safety evaluation, it is

worthy to mention deflagration and detonation [36,37].

Deflagration is a burning process that occurs when the initial

velocity of the hydrogen/air or hydrogen/oxygen mixture is

equal to the laminar burning velocity of the hydrogen-in-air or

hydrogen-in-oxygen mixtures. The flame is defined by a shift

from a laminar to a turbulent state, which results in the for-

mation of a pressure wave. Because the pressure wave prop-

agates outward at sonic velocity, it precedes the flame front.

Detonation is a kind of combustion in which the flame travels

faster than the speed of sound, causing a shock wave that

travels through the mixture at the same speed as the flame

front and compresses it, raising the temperature level. This

temperature rise has the potential to ignite the air behind the

shock wave front. Detonation is themost serious situation if a

hydrogen leak occurs within the detonability range (e.g., 11%e

70% in air), but not within the flammability limit (4e75%).

Experiments have shown that the flow may undergo a tran-

sition known as the Deflagration-to-Detonation Transition

(DDT). When this happens, the flame accelerates to speeds of

up to 800 m/s, and a tremendous amount of pressure is

created at the site of the DDT, resulting in a spike in the

temperature of up to 30 times the starting pressure. Addi-

tionally, detonation may be defined as the creation of a

tremendous explosion that is lethal to people. The inclusion of

gadgets and impedimentsmay reduce these phenomena’ run-

up distance. Simultaneously, safety actions must be imple-

mented to address DDT phenomena and prevent their

repercussions.

Public perception and hydrogen safety reports

Public opinion on hydrogen safety is influenced in some way

by misunderstandings about hydrogen's participation in pre-

vious catastrophes, such as the 1937 “Hindenburg” accident

[38,39], in which the passenger airship caught fire, killing 35

passengers. The first concept postulated that a spark would

ignite on the dirigible skin during the descent operation,

generated by a potential difference between the ground and

landing equipment, lighting a fire and also generating diffu-

sion combustion of hydrogen (used as a lifting gas) discharged

into the air. However, a further investigation conducted by

NASA experts in 1999 established that the fatalities were

caused by the dirigible's burning skin, which was constructed

of highly flammable material, the burning oil, or by leaping

from the dirigible. The likelihood that any fatalities were

caused by hydrogen fire was determined to be negligible. The

buoyancy of hydrogen, which enabled its flames to generate

updrafts without exploding, aided the dirigible in remaining

afloat. As with other fuels, hydrogen must be treated

cautiously due to the risks associated with its use (the explo-

sion of a space shuttle in 2007 [40] and the nuclear accident

that happened in Fukushima in 2011 [41,42]), but it is
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unquestionably erroneous to consider hydrogen to be more

hazardous than other fuels. In 2019, an accident occurred at a

Santa Clara, California hydrogen facility. After being filled, a

truck carrying hydrogen in liquid form began to leak, causing

an explosion. For three months during its outage, it impacted

and damaged the supply to Northern California's hydrogen

station network. In an unrelated incident, an HRS disaster

outside Oslo, Norway, happened in 2019. Hydrogen escaping

from the high-pressure storage facility caused an explosion. In

their risk study for an urban hydrogen station. Additionally, in

their risk analysis for a hydrogen refueling station in an urban

setting, Gye et al. [43] identified dispenser and trailer leaks as

the most significant. The Hydrogen Tool Portal [44] has a

comprehensive database of hydrogen-related mishaps.

As can emerge from the presented literature review, few

assessments can be found on HRS operation and evaluation

[45]. Shared experience and lessons gained are crucial, since

they may significantly reduce the likelihood of explosions or

hazardous circumstances such as those described above.

Indeed, it would assist the industry in mitigating risks and

facilitating the sustainable scale-up of these technologies

[46e48].

Moreover, hydrogen application promotion is undoubtedly

connected with a more mature knowledge of the dangers and

risks associated with it [49,50]. Risk assessment techniques

are often used in safety design and safety engineering,

particularly for typical applications and established technol-

ogy [51,52]. The risk assessment technique, on the other hand,

requires a large amount of statistical data on system func-

tioning, scheduled and unplanned maintenance in-

terventions, and probable faults [53]. Fuel cell units,

electrolyzers, and HRSs are new technologies whose viability

is being shown in several pilot projects worldwide [54,55].

Thus, the collecting of statistical data is harmed by the poor

availability level associated with a small number of in-

stallations [56]. As a result, at this phase of hydrogen tech-

nology development, a risk assessment method based only on

statistical data might result in ambiguity and unacceptable

levels of risk. Having a safety-oriented standard and a meth-

odology for safety design is undoubtedly more beneficial for

hydrogen safety evaluations [57,58]. This technique may give

more definite instructions for both qualitative and quantita-

tive design by comparing the trial's safety design to existing

acceptance criteria iteratively until a suitable answer is

determined. These are the critical ideas for developing a

dependable and dynamic approach to hydrogen safety

engineering.

Current hydrogen methods operate at high pressures

(700 bars) or liquefy hydrogen at temperatures as low as�253�

Celsius, which introduces extra dangers [59,60]. Safety mea-

sures such as natural or forced ventilation in the event of a

leak, the elimination of all possible ignition sources, detection

of the leak and subsequent reduction of the gas pressure, and

extinguishing equipment are just a few of the systems used to

minimize the likelihood of flammability and hydrogen

dispersion [61]. Liquid hydrogen may produce severe freeze

burns if it comes into touch with exposed flesh. It is kept in

liquid form in specialized containers that are double-walled

and very well-insulated [62,63]. Liquid escaping and coming

into touch with a person's skin is very unlikely [64,65]. The
Biennial Report on Hydrogen Safety [66]notes that hydrogen

has two primary impacts on materials: cold embrittlement

and hydrogen embrittlement. The first effect is a feature of

cryogenic gases and storage systems, occurring when the

operating temperature falls below the ductile-brittle transi-

tion point, reducing the material's toughness. This impact

must be considered when working with hydrogen cryogenics

and cryogenic storage. The second effect, referred to as

hydrogen embrittlement, has a significant impact on the

material characteristics, reducing mechanical resistance,

inducing cracking, and resulting in unexpected failures. From

a phenomenological standpoint, this phenomenon is pri-

marily ignited by hydrogen ingression into the component

structure, and prior to this process occurring, themolecules of

the involved hydrogen undergo breakdown into atoms and

subsequently diffuse into the metallic structure. The purity of

the hydrogen, the material used, the temperature, the

hydrogen partial pressure, the stress, and the deformation, as

well as the exposure period, all have an effect on the hydrogen

embrittlement process.

Examples of hydrogen safety engineering in an HRS

The decay of the hydrogen mass fraction in a circular jet

demonstrates that as the storage pressure increases, the

danger distance increases as well (axial distance to e.g., 4%

hydrogen vol. fraction) [51,67]. The similarity law, stated in

Ref. [51], establishes a link between the axial concentration

and the separation distance, providing an intriguing window

into all the elements involved and those that impact the

computation and outcome. With a constant axial concentra-

tion, the danger distance is proportional to the square root of

hydrogen density evaluated at the nozzle, and therefore to the

hydrogen pressure level evaluated at the nozzle, which is

proportional to the reservoir's hydrogen pressure. Increased

storage pressure results in a rise in the pressure, hence

increasing the danger/safety distance.

Table 2 illustrates the outcomes of examining a storage

pressure range of 1 bare700 bar and three distinct axial

hydrogen concentrations in the air: 4%, 11%, and 29.5%. The

data was obtained using the e-Laboratory of hydrogen safety's
Similarity law tool [30,68].

The pressure dependency is more pronounced at lower

volumetric hydrogen concentrations in air. However, as indi-

cated above, the relationships for all of them follow a square-

root tendency. A greater storage pressure results in a longer

danger distance, as seen in Fig. 1 below, using the data pro-

cessing explained above.

Hydrogen jet fires fall into three distinct regimes and cat-

egories: buoyancy, momentum expanded, and momentum

under-expanded [69,70]. The first category shows low Froude

Number (Fr) values, and since the flame length is a propor-

tional function of the Fr Number, a larger Fr number predicts a

longer dimensionless flame length. The momentum-

expanded jet regime has bigger Fr Numbers than the con-

ventional buoyancy-controlled jet regime, and the dimen-

sionless flame length is not reliant on the Fr Number. The

third regime, termed momentum under-expanded jets, could

not be explored using just Fr Number correlations, as was

done for buoyancy-controlled and momentum under-



Table 2 e Pressure dependence of the axial distance from
the nozzle for a fixed volumetric concentration of
hydrogen in air*.

Storage
Pressure
[bar]

Axial distance
from nozzle to

4% [m]

Axial distance
from nozzle to

11% [m]

Axial distance
from nozzle to

29.5% [m]

1 2 0.83 0.25

50 13.51 4.58 1.38

100 18.78 6.37 1.92

150 22.63 7.67 2.31

200 25.71 8.72 2.63

250 28.31 9.6 2.89

300 30.55 10.36 3.12

350 32.53 11.03 3.32

400 34.29 11.62 3.5

450 35.88 12.16 3.67

500 37.32 12.65 3.81

550 38.65 13.1 3.95

600 39.86 13.51 4.07

650 40.99 13.9 4.19

700 42.04 14.25 4.29

*The reservoir temperature is 300 �C, the ambient temperature is

293 �C, the ambient pressure is 1 bar, and the orifice diameter is

5 mm.
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expanded hydrogen jets [71,72]. Correlations based solely on

Fr-Numbers are indeed physically imprecise, and their

experimental validation revealed an excessively scattered

trend for momentum under-expanded jets, because Reynolds

Number (Re) and Mach Number (M) also play a role, as their

dependence has been observed experimentally. A new

connection has been developed recently [73,74], which
Fig. 1 e Pressure dependence of the axial distance from the noz
incorporates the flame length dependency on Reynolds

Number and Mach Number as well. The following features

have been observed as a result of the new correlation: for

under-expanded jets, the regime is characterized by high Re

Numbers and a rise in dimensionless flame length; this ten-

dency is referred to as the momentum-dominated under-

expanded jet fire “slope.” In this regime, the Fr Number is

almost constant.

A hydrogen explosion might trigger a cascade of events

that cannot be ignored, and safetymust be carefully examined

[75,76]. Typically, the sequence of events that occurs is as

follows: the initial event is the release of hydrogen, followed

by hydrogen dispersion into the surrounding environment

[77]. Confined places are the most crucial because hydrogen

may build during and after dispersion, resulting in further fire

or deflagration and re-ignition owing to secondary ignition

sources. Ventilation is crucial in confined areas, and three

distinct regimes may be distinguished: well-ventilated envi-

ronment, under-ventilated environment, and self-extinction

owing to air consumption. Immediately after the ignition, a

fire or explosion may occur. Ignition may occur as a result of

an auto-ignition stage or as a result of unintentional ignition

triggered by possible ignition sources. Depending on the local

and environmental circumstances of the adjacent area, the

ignited release may create sustained flames or blown-off

flames, which are very hazardous since they may result in

hydrogen buildup and subsequent fire/explosion. Therefore,

the ignited flames may result in a fire or explosion, known as

deflagration or detonation. In this scenario, it is also necessary

to examine the DDT phenomena (deflagration to detonation

transition).
zle for a fixed volumetric concentration of hydrogen in air.
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It is critical to evaluate a safety distance, also known as

danger distance, during a safety assessment. Exposure to a

hydrogen flame directlymay result in a third-degree burn. The

primary source of worry for those not directly involved in free

hydrogen flames is exposure to very high heat fluxes and

temperatures. In a confined environment, the results may be

much more lethal: asphyxiation and overpressure/shock

wave are possible during a hydrogen fire/explosion.

The fire/explosion will very certainly cause significant

damage to structures and buildings, most notably owing to

overpressure phenomena, high-temperature exposure and

thermal radiation, and flying objects (referred to as flying

“debris”). Indeed, there are damage standards in Hydrogen

Safety that are described in terms of the severity of injury

produced by temperature and heat flux exposure or over-

pressure [71,78,79].

Adopting a fixed-aperture TPRD may certainly result in the

formation of blown-off flames, which must be a matter of

worry, as the blown-off flames might result in hydrogen

buildup, which could result in additional fire/explosion or

deflagration. A possible solution may be the adoption and

construction of a variable aperture TPRD along the lines. The

variable aperture TPRD may be schematized as follows: with

greater input pressures (upstream), the valve tends to shut

against the spring, but at lower pressure levels (e.g., as the

pressure declines), the valve opens more. However, the diam-

eter change and connection with the spring load must be

carefully developed and confirmed, since a bigger diameter

means a longer flame length, but a lower pressure implies a

shorter flame length [80]. Indeed, the diameter reducing trend

must be closely associatedwith the upstream pressure in order

to prevent an increase in the flame length, which would create

extra threats to previously constructed infrastructures.

Another important parameter in hydrogen safety is the adia-

batic blowdown time to avoid tank rupture during a fire. A

typical diagram is shown in Fig. 2, calculatedwith the approach

proposed in Refs. [81,82]. If the fire resistance rating is less than

the blowdown time, further safety precautions and procedures

must be taken, such as selecting a larger TPRD diameter.
Fig. 2 e Adiabatic blowdown time for a 120 L vehicle tank,

considering a pressure level of 490 bar and a TPRD size for

the diameter of 3 mm.
Hydrogen refueling station

HRSs for fuel cell cars are essential components of the tech-

nology's expansion. The number of installed and operational

stations is rising, although it remains much smaller than the

number of conventional refueling stations [83].

According to Ref. [84], there were around 320 operational

HRS stations in 2017, 375 in 2018, and 470 in 2019. At the end of

2019, Asia had the most operational stations, with over 200

HRS (most in Japan). Europe had the second-highest number

of HRS in 2019, with 185 stations. Germany alone had 81 sta-

tions, while America counted around 70 stations (mainly the

USA). Prior to discussing the laws and standards governing

HRS technology, a quick introduction to the HRS architecture

and components will be offered.

Hydrogen refueling station e equipment involved

The contemporary hydrogen industry offers a variety of

distinct refueling station configurations, including liquid (LH2)

and gaseous (GH2) hydrogen storage.

The key components of a hydrogen station are seen in

Fig. 3, split by installation area (supply, intermediate storage,

high-pressure storage, and dispensing). The choice and tech-

nique used in the hydrogen supply chain dictate the layout of

the station. Hydrogen gas may be transported through tube

trailers, pipelines, or on-site generation (e.g., steam methane

reforming, SMR, or water electrolysis,WE). Another possibility

is to have liquid hydrogen delivered by trucked tanks to

replenish an on-site cryogenic liquid hydrogen tank.

In today's market, the majority of stations have daily ca-

pabilities of between 100 and 520 kg of compressed GH2, and

more than 1000 kg of LH2. This is due to the denser nature of

liquid hydrogen.

Compressed GH2 HRSs
Currently, gaseous hydrogen storage stations are supplied

through pressurized tube trailers, or they can have on-site

generation units installed; another option, in the future

expansion of the hydrogen economy, is represented by

hydrogen supplied via dedicated or refurbished gas pipelines

[85]. Although on-site production facilities like SMR or WE

units typically deliver hydrogen at 20 bar, in the electrolyzers

industry new enhancements and products offer generation

units with operation at higher pressures [86e88]. The tube

trailer transports hydrogen at a pressure of 200e500 bar to the

station, where it is reduced to 20e50 bar before being

switched. When hydrogen is supplied through pipelines, the

operating pressure is typically maintained at 20 bar [89e91].

Regardless of the source of hydrogen gaseous supply, the

majority of hydrogen gaseous stations are designed to with-

stand 20 bar of hydrogen at the hydrogen source. These sta-

tions are equipped with compressors that increase the

pressure levels to about 950 bar [92]. The compressed

hydrogen is then stored in pressurized tanks, installed hori-

zontally or vertically [93,94]. After being pre-cooled to around

�40 �C, the hydrogen may be supplied fast avoiding the

dangerous overheating of the hydrogen within the vehicle's
tank [95], above all in multiple back-to-back fueling processes



Fig. 3 e Technology and equipment installed in an HRS
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[96,97]. Another possible configuration is to use a storage

compressor [98] to compress hydrogen from the supply source

to 500 bar for storage in a medium-pressure system [99]. The

vehicle is then refueled through a booster compressor after

passing through a pre-cooling device and a high-pressure

buffer tank (HPBT) [100,101]. HPBTs are added to mitigate the

booster compressor's pressure pulsing on station and vehicle

gauges, while the dispenser monitors and manages hydrogen

flow in the onboard tank [102]. Modular HRSs are also under

development [103,104] The refueling process is also critical in

terms of hydrogen safety, as investigated in Refs. [105,106].

LH2 HRSs
For liquid storage, a hydrogen station can be configured in one

of two ways: with an on-site cryogenic tank that is refilled by

tankers carrying approximately 4 tons of cryogenic liquid

hydrogen; or with an off-site cryogenic tank that is refilled by

tankers carrying about 4 tons of cryogenic liquid hydrogen

[107]. As with liquid hydrogen, cold hydrogen gas vaporizes

and collects in the cryogenic tank headspace, a process known

as “boil-off,” before being handled by a compressor [108,109].

Before hydrogen is transferred to the vehicle's onboard tank, it

is pre-cooled to around �40 �C in a hydrogen chiller. Alter-

natively, liquid hydrogen is compressed and then gasified

using a cryogenic pump and evaporator. After evaporation,

gaseous hydrogen is maintained compressed in the high-

pressure system storage tank and pre-cooled to �40 �C dur-

ing the refueling process. The pre-cooling unitmight be cooled

by cryogenic hydrogen in this configuration.
The configuration of the station is therefore highly

dependent on the method of delivering hydrogen (GH2 or LH2)

[110,111]. Therefore, various safety measures must be per-

formed, depending on the chosen configuration [112e114].

Liquid hydrogen must be stored in special tanks, that can

operate in cryogenic conditions at a temperature as low as

20 K and at pressures ranging from 0.6 MPa to 35 MPa. For

these tanks, assuring proper insulation is critical, and conse-

quently, boil-off is a common occurrence [115,116]. In order to

avoid explosions, it is essential to manage and monitor pres-

sure levels and properly size venting valves [117]. Indeed,

evaporation creates large amounts of GH2, which raises the

pressure level of the gas when stored in closed tanks. In the

presence of static electricity or condensed air, if these pres-

sure increases are not addressed, leaks and subsequently the

potential for ignitionsmay emerge. If there is a leak in a liquid

hydrogen tank, precise measurements must be made.

Design considerations for HRSs
Due to the low-temperature level of cryogenic tanks, a leak

might result in hypothermia or frostbite. If air enters the tank,

moisture is injected, which may cause ice to form, causing

damage to the lines, valves, and sensors.

On the other hand, GH2 transported via pressurized trailers,

up to 90MPa, is themost favored deliverymechanism for short

distances in the current state of the art. Despite its bulkiness,

this approach appears to be more economically feasible than

transporting thehydrogen in liquid formand then vaporizing it

afterward [117]. Hydrogen disperses swiftly in the air after a



Fig. 4 e HRS, ISO standards.
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spill. All pressure vesselsmust adhere to a variety of standards

and norms. The hydrogen gas cycling test requires that the

tank be loaded and drained without degradation 1000 times

[118]. Another intelligent alternative for transitioning to a

hydrogen economy is on-site generation via electrolysis of

water, which can minimize the need for frequently needed

external storage trailers, either GH2 or LH2. This layout ensures

reliability and eliminates breakdowns, shortages, andwasteful

energy usage during delivery. Bauer et al. [119] conducted a

technical investigation of several station layouts, including

GH2 or LH2. The authors discovered how HRS with LH2 might

result in decreased energy usage, while gaseous stations need

high-pressure storage, which has an effect on the design and

architecture. As indicated before, cryogenic tanks are required

when storing hydrogen in liquid form, however, transfer and

boil-off losses are common, and evaporation rates may exceed

1% of hydrogen per day in tiny tanks such as those used in

automobile applications [120]. Petitpas et al. [63] analyzed all

leaks that occurred during the generation, delivery, storage,

pumping, and refueling of LH2, while also highlighting lessons

learned throughout experimental operations. If the station

operates with gaseous hydrogen, it may be supplied externally

or generated on-site. The HRS layout is less complex in the first

scenario than it is with an on-site generation unit, where

additional challenges may arise owing to the system's
complexity. However, an on-site electrolyzer might possibly

eliminate emissions, and for refueling capacity, greater than 1

ton per day, the installation of on-site WE units could expedite

market entry and lower supply costs, as Reddi et al. [121]

examined. In fact, if green H2 production is used to operate on-

site HRSs, they contribute to the growth of the hydrogen

market and associated technologies by using a low-carbon

supply chain. Nistor et al. [122] examined the technical and

economic outcomes of two distinct configurations for an on-

site HRS, respectively with the installation of a PEM WE and

an alkalineWE, based on experimental activities carried out in

the UK. The authors' findings indicated how green H2 is

emerging as a feasible alternative to hydrocarbons, even as

they advocated for additional studies to include the demand

side to reproduce a more plausible option. In this context,

analyses into hydrogen leaks during the transition from gen-

eration to refueling serve as a bridge between the supply and

demand sides, enhancing the analysis conducted in the liter-

ature and providing insight into potential issues to the com-

mercial development of a hydrogen station. Although the

scientific community has not conductedmuch research on this

subject, the few scholarly studies available demonstrate its

critical relevance. Kurtz et al. [123] conducted an in-depth

analysis of all the characteristics and impediments to ramp-

ing up and expanding HRSs in their review. Among these,

insufficient reliability has an effect on maintenance expenses

by necessitating frequent unplanned repair tasks. Lipman et al.

[124] discussed several lessons gained from Berkeley's HRS

operation, at the University of California. The authors

demonstrated that HRS personnel must plan and schedule

maintenance tasks meticulously in order to minimize station

outages. Additionally, infrastructure management via data

processingmay prevent unexpected breakdowns or difficulties

and uncover performance deterioration. Stolzenburg et al.

[125] described the performance of nine HRSs supporting a bus
fleet of 27 units, as part of a European Project. The HRS con-

figurations varied in terms of design and layout: six had on-site

production units (four with WEs and two with SMRs), while

three had offsite storage systems (two GH2 and one LH2).

Among the several characteristics and metrics examined, the

authors concentrated on both individual hydrogen leaks and

total hydrogen leaks. They claimed that around 80,000 kg of

hydrogen were lost out of 274.5 tons throughout the operating

period of all nine stations, with particular losses ranging be-

tween 7% and 46%. The principal events that resulted in these

big leaks were hydrogen contamination caused by compressor

failures or oil spills, metering and hydrogen purging diffi-

culties, as well as venting processes, and other leakages. Three

WE-based HRSs demonstrated specific hydrogen losses of be-

tween 7 and 9%, with only one exceeding 20% due to the long

idle period. Additionally, they stated that 5% of hydrogen was

utilized to regenerate purifying systems. The single station in

London with liquid storage had the highest rate, up to 69%,

owing to numerous evaporations and boil-offs resulting from

low demand and lengthy idle periods. Moreover, the authors

highlighted how around 15% of the produced H2 is typically

utilized for gas purification in steam-reformer-based power

plants. Genovese et al. [126] investigated an abnormally big

difference between the amount of hydrogen generated and the

amount of hydrogen distributed at a public hydrogen station,

around 35%. The standard functioning of the station was

studied, with a particular emphasis on stand-by times, the

manufacturing phase, and dispensing operations. The creation

of checklists aided in identifying probable leak sources. Across

all studied categories, maintenance operations emerged as the

most essential, resulting in data mismatches in hydrogen ac-

counting. In Ref. [127], the minimum number of HPBTs has

been investigated, to allow a safe and smooth free-pulsation

refueling process.

HRS standards

The short safety excursus and the description of HRS layouts

are functional to the introduction of the standards in force for

installing and operating an HRS. Regulation, code
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development, and standardization are critical actions that

must be taken to ensure the safe and expedited entry of HRS

components and technologies into the market [128e131]. The

following taxonomy of standards, codes, and regulations is

used in this paper.

� A standard is an institutional paper that outlines the

specifications for a specific component or explains a spe-

cific approach or methodology. A code is a document that

describes the desirable results e what a product should

dodbut not how it should be done;

� Regulations are mandatory and binding, unlike codes and

standards, which are voluntary.

The standards are crucial for the hydrogen fueling station

industry as it ensures compatibility and safety for different

systems and components. It also increases the interopera-

bility between different parties in the hydrogen fuel cell

ecosystem, including vehicle manufacturers, station opera-

tors, and hydrogen suppliers. These standards are continu-

ously reviewed and updated, to keep up with the advancing

technology and safety requirements.

Global standards
ISO (International Standards Organization) and IEC (Interna-

tional Electro-Technical Commission) are the two major

worldwide standards-publishing organizations. Within these

organizations (ISO and IEC), as well as within the Society of

Automotive Engineers (SAE), standards are established by

Technical Committees (TCs) with input from European Com-

mittee for Standardization (CEN) members, referred to as

National Standards Bodies (NSBs). The TC appoints a working

group to fulfill a specific task by a certain time. The working

group (WG) is ultimately responsible for standard develop-

ment. The ISO hydrogen standards are developed by the

following technical committees.

� “ISO/TC 197 Hydrogen technologies”;

� “ISO/TC 220 Cryogenic vessels”;

� “ISO/TC 58 Gas cylinders;

� “ISO/TC 22/SC 41 Gaseous fuels-specific issues”.
Fig. 5 e IEC standard for HRS equipment.
The ISO requirements for HRS equipment and operation

are summarized in Fig. 4. Four HRS areas are covered by ISO,

namely production, storage, dispensing and an area called in

this paper “general applications for HRS equipment”. For the

production area, ISO covers both hydrogen production from

fossil fuels and generation from water electrolysis. Addition-

ally, there is a specific standard concerning the safety of

hydrogen separation and purification systems (ISO 19983). In

Appendix A, Figure A1 and Figure A2 present the main ISO

codes and standards, with the identification number and the

related description.

Notably, a number of standards for different components

and equipment are now being defined and are currently under

development. LH2 technology seems to have a greater degree

of maturity in terms of published standards, but numerous

GH2 standards, which cover the majority of the hydrogen use,

are in the process of being drafted or completed. ISO TC 197 is

the most active in the HRS field since it focuses on hydrogen

fuel stations and hydrogen-powered vehicles. The ISO TC 197

standards provide specifications and guidelines for the design,

construction, operation, and maintenance of hydrogen

fueling stations, as well as the performance and safety re-

quirements for hydrogen fuel cell vehicles. Themain standard

associated with general and specific requirements for the

design and operation of HRSs is ISO 19880, from 1 to 9. The ISO

19880 standards provide guidance for safe and efficient

hydrogen refueling, ensure compatibility between various

refueling stations and vehicles, and provide a framework for

commercial operations.

The majority of IEC standards are concerned with FC

technology and its usage in energy systems, above all in sta-

tionary applications. However, as seen in Fig. 5, suitable

standards exist for explosive gas atmospheres, and are

applicable in HRS operation, too. As presented in Appendix A

in Figure A3, there are nine relevant standards that are related

to safety procedures and considerations, as well as explosive

gas atmospheres, grouped into fourmain standard categories:

IEC 60079, IEC 80079, IEC 60204, and IEC 60529. The following

are the primary TCs for IEC H2-related standards.
Fig. 6 e SAE HRS equipment.
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� “IEC/TC 31 - Explosion-proof equipment”;

� “IEC/TC 69 - Electrical power/energy transfer systems for

electrically powered road vehicles and industrial trucks”;

� “IEC/TC 105 - Fuel cell technology”.

Additionally, SAE standards are currently in force for

hydrogen applications, as shown in Fig. 6. SAE is a global orga-

nization of engineers and technical professionals that develops

technical standards for hydrogen refueling operations and

connecting devices. The SAE FC Standards Committee is the

primary technical committee for SAE hydrogen standards

[132e134]. Themainstandardsare related to safety, fuelquality,

terminology, fueling connection devices, and above all fueling

protocols.Among the latter, SAE J2601 is themost adopted. It isa

technical standard developed by the SAE that provides specifi-

cations for the dispensing of hydrogen fuel to vehicles. This

standard applies to the interface between hydrogen dispensing

equipment and vehicles and provides guidelines for the

dispensing pressure, flow rate, and other parameters. The goal

of this standard is to ensure the safe and efficient transfer of

hydrogen fuel from the dispenser to the vehicle and to promote

compatibility between different hydrogen fueling stations and

vehicles. The standard also describes safety and performance

requirements for the dispenser and vehicle, including the

amount of hydrogen that can be dispensed in a single trans-

action. It also covers the procedure for the system's self-

diagnosis, which is used to monitor and report the dispenser's
status. The standard is continuously reviewed and updated to

keep upwith advances in hydrogen technology and to improve

safety and performance. Adoption of this standard supports

and ensures the safe and efficient transfer of hydrogen, pro-

motes interoperability between hydrogen filling stations and

automobiles, and fosters the expansionof thehydrogen fuel cell

sector. Figure A4 in Appendix A depicts the principal SAE

standards, together with the corresponding identification

number and description.

European standards
CEN or CENELEC (European Committee for Electro-Technical

Standardization) are responsible for the generation and publi-

cation of standards in Europe, as well as the ISO standard

implementation. They provide technical requirements and

recommendations to assure product safety, quality, and inter-

operability throughout Europe. European, national, and in-

dustry standards typically reference CEN and CENELEC

standards, which are voluntary. After adoption, member states

must consider these requirements while implementing EU law.

CEN and CENELEC have developed and published several

standards related to hydrogen, which provide specifications

and guidelines for the safe and efficient use of hydrogen in

various applications. These standards cover different aspects of

hydrogen safety, storage, transport, and use. The following are

the primary TCs for CEN/CENELEC H2-related standards.

� “Hydrogen - CEN/CLC/TC 6”;

� “CEN/TC 23 Transportable gas cylinders”;

� “CEN/TC 69 Industrial valves”;

� “CEN/TC 185 Fasteners”;
� “CEN/TC 197 Pumps”;

� “CEN/TC 234 Gas infrastructure”;

� “CEN/TC 235 Gas pressure regulators and associated safety

devices for use in gas transmission and distribution”;

� “CEN/TC 236 Non-industrial manually operated shut-off

valves for gas and particular combinations valves-other

product”.

CEN and CENELEC have produced various hydrogen-

related safety, performance, and quality standards. To stay

up with technology and safety, they examine and update

these standards. Fig. 7 depicts the most important CEN/CEN-

ELEC standards. For the purpose of this manuscript, they have

been grouped into fivemain categories: production and supply

(i), storage (ii), compression (iii), dispensing (iv), and general

applications (v). Figures A5 and A6 in Appendix A list the

analyzed standards, grouped into the above-mentioned cate-

gories. Concerning hydrogen supply, there are several stan-

dards for gas supply systems, with operating pressure less or

over 16 bar, as well as the consequences of the injection/

transport of hydrogen into the gas infrastructure and themain

requirements of transportable gas cylinders. Storage-related

standards are focused both on gaseous hydrogen (EN 17533)

and liquid hydrogen storage (EN 1797) via cryogenic tanks. An

important gap in hydrogen compression is covered by EN

12583, under approval.

The procedures of hydrogen dispensing are assessed from

multiple perspectives. EN 17127 covers outdoor dispensing

stations, while hydrogen refueling procedures and equipment

for train uses are still in development. EN ISO 16380 and 17,268

additionally discuss connectivity with fuel-cell electric vehi-

cles, while EN 17124 deals with hydrogen quality.

An interesting guideline is presented by CEN/CLC Guide 38,

for multifuel stations, where HRS can be installed with other

alternative fuel refueling stations.

Italian national regulatory framework
Italy is a favorable location for the expansion of green

hydrogen thanks to its availability of clean energy sources and

the existence of a capillary network for natural gas
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transmission, that can be potentially repurposed. Due to its

location in the Mediterranean, Italy is a prime hub for travel

between the Middle East and Africa, which are significant

hydrogen producers, and the northern states, which are sig-

nificant hydrogen consumers. Despite the enormous poten-

tial, numerous regulatory and other impediments remain in

the way of the full development of green hydrogen in Italy.

The UNI/CT 056/GL 01, which also serves as the national

mirror group for CEN/CLC/JTC 6, is the sole TC National mirror

group for ISO/TC 197 Hydrogen technology. The Italian TC is

concentrating on the systems, equipment, and connections

necessary for the production and use of hydrogen from

renewable energy sources.

The December 16, 2016 National Decree n. 1657, which im-

plements the EU Directive 2014/94/EU, acknowledges hydrogen

as an alternative fuel and commits Italy to develop an accept-

able network of hydrogen refueling stations by December 31,

2025. Due to the absence of implementing legislation for the

Ministerial Decree of August 31, 2006, the expansion of

hydrogen refueling stations in Italy has been hampered

significantly. A revised Decree from 2018 allows for a 700 bar

supply pressure and improves compliance with ISO 19880,

overcoming the Ministerial Decree of August 31, 2006's lack of

implementing regulations. Locally, the “National Fire Corps -

Corpo Nazionale dei Vigili del Fuoco” is responsible for safety

and fire prevention evaluations. However, a number of

hydrogen-related acts are not allowed, including the following.

- Liquid hydrogen and its storage and distribution;

- Safety distances are to be evaluated according to the

equipment's working pressure.

- Adoption of pipeline-supplied hydrogen;

- Amethodology for calculating safety distances in the event

of ignited and un-ignited hydrogen leaks;

- Mitigating strategies such as passive or active ventilation

systems.

At the time of writing, the only national standards acces-

sible are those developed by UNI (Ente Nazionale Italiano di

Unificazione), and they are as follows.

- “UNI ISO 14687:2020, Hydrogen fuel quality d Product

specifications, which incorporates ISO 14687:2019; ”

- “UNI ISO 19880e1:2020, Gaseous hydrogen d Fueling

stations, which incorporates ISO 14687:2019. - Part 1: Basic

specifications, which include ISO 19880e1:2020”.

- “UNI ISO/TR 15916:2018, Fundamental safety consider-

ations for hydrogen systems, which incorporates ISO/TR

15916:2015”.
Conclusions

The present article aimed to provide a comprehensive stra-

tegic overview of the regulations currently in place for the

construction and maintenance of hydrogen fueling stations.

The main reason behind the paper is the lack of a systematic
overview of HRS equipment and operating standards in the

literature. This information could help researchers, policy-

makers, and HRS operators plan for the network's future

growth.

The paper introduced a brief summary of hydrogen's safety
aspects to highlight the requirements of standards, rules, and

regulations at an HRS. The safety aspects have been outlined

both for GH2 and for LH2, in terms of potential dangers and

knowledge that can be applied during the installation or

operation of hydrogen-related technologies.

After the short safety assessment, an overview of HRS

layouts, equipment, and operating strategies have been pre-

sented. The main components of an HRS have been broken

down by where they are installed (supply, intermediate stor-

age, high-pressure storage, and dispensing). A special focus

was given to the way the station is set up, depending on the

choice and method used in the hydrogen supply chain.

Hydrogen gas can be moved by tube trailer, pipeline, or by

generating it on-site (e.g. SMR or WE). Another option

analyzed is to have liquid hydrogen brought in by trucked

tanks to fill up a cryogenic liquid hydrogen tank already on

site. It was outlined how, in today's market, the majority of

stations have daily capabilities of between 100 and 520 kg of

compressed GH2, and more than 1000 kg of LH2. This is due to

the denser nature of liquid hydrogen.

At an international level, ISO produced various hydrogen

standards related to HRS components and operation, mostly

addressing quality, safety, manufacturing, and testing.

Notably, a number of standards for different components and

equipment are now being defined. SAE has already developed

technical guidelines for hydrogen refueling techniques and

associated equipment. Most IEC standards are concernedwith

fuel cell technology and its use in electrical power systems.

The International Electrotechnical Commission (IEC) has

produced hydrogen safety, application, and testing standards.

Only a few standards are specifically related to HRS compo-

nents, focusing more on explosive gas atmospheres.

Numerous European standards are in the process of being

accepted, written, or in their infancy. They will be released

soon to coincide with the launch of the new European

Hydrogen Strategy and Roadmap.

In Italy, hydrogen standards for HRS are varied and inad-

equate. Standards for hydrogen production, storage, trans-

portation, and fueling should be better defined and finalized,

along with a thorough examination of the whole supply chain

in light of hydrogen's use in multiple energy sectors.
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