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Abstract: While hydrogen is regularly discussed as a possible option for storing regenerative energies,
its low minimum ignition energy and broad range of explosive concentrations pose safety challenges
regarding hydrogen storage, and there are also challenges related to hydrogen production and
transport and at the point of use. A risk assessment of the whole hydrogen energy system is necessary
to develop hydrogen utilization further. Here, we concentrate on the most important hydrogen
storage technologies, especially high-pressure storage, liquid hydrogen in cryogenic tanks, methanol
storage, and salt cavern storage. This review aims to study the most recent research results related
to these storage techniques by describing typical sensors and explosion protection measures, thus
allowing for a risk assessment of hydrogen storage through these technologies.
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1. Introduction

With the ongoing change from fossil energy to sustainable energies, such as sun and
wind energy, storing energy for days or even weeks or months becomes more and more
important [1]. Large-scale storage systems must enable the ability to store unused energy
from renewable resources and then use it when less renewable energies are available [2].
While low percentages of photovoltaics, wind energy, and other sustainable energies require
only short-term energy storage, especially for handling daily variations in solar power,
long-term energy storage will become more and more important with an increasing ratio of
sustainable energies in the overall energy mix [3].

Depending on the required storage time and capacity, different energy storage tech-
niques are advantageous. Generally, these techniques can be subdivided into electrical,
mechanical, chemical, and thermal energy storage systems [4]. While capacitors and super-
conducting coils, as typical electrical storage systems, are typically used for short release
times and have low storage capacities, hydrogen storage enables the storage of large capac-
ities for long times in the range of 1 h to 1 y [5], making it suitable for future challenges in
long-term storage.

Hydrogen storage can be classified into physical, chemical, and other hydrogen storage
techniques [6], amongst which high-pressure storage is by far the most often used method
at the moment [3]. Other physical storage methods are low-temperature liquid storage,
storing in salt caverns, and blending in natural gas, while chemical hydrogen storage is
related to storage in metal hydrides, inorganic compounds, organic liquid, methanol, or
ammonia, and metal adsorption as well as clathrate hydrates belong to the other storage
methods [3]. High-pressure and low-temperature storage usually allow for storage for
days, while storing for months is possible in salt caverns, blending in natural gas, as well
as the chemical methods [3].

Alongside research on different hydrogen production, storage, and transport methods
as well as applications at the point of use, research on the safety aspects of hydrogen energy
systems has also significantly increased in recent years, as illustrated in Figure 1a. This is
naturally correlated with an increasing number of citations, as depicted in Figure 1b.
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This review gives an overview of the most recent research on the safety of hydrogen 
storage. Firstly, a brief overview of important storage technologies is given, including 
high-pressure storage, liquid hydrogen in cryogenic tanks, methanol storage, and salt 
cavern storage. These techniques were chosen because high-pressure storage is the most 
often used technique at the moment, with around 80% of all hydrogenation processes 
worldwide using it, while liquid hydrogen is especially used in flight and space applica-
tions where high-energy storage densities are necessary [7]. Methanol has a high-energy 
storage density and it can also be used directly as a fuel, and salt cavern storage was 
chosen as an example of large-scale storage and long discharge times [7]. 

Figure 1. (a) Hits on Web of Science for the search phrase “hydrogen energy safety”; (b) corresponding
citations. Data obtained on 18 August 2024.

Corresponding to the previous discussion of possible energy storing techniques, pa-
pers about hydrogen energy safety can be classified into different categories, such as
“energy fuels”, “chemistry physical”, or “electrochemistry”, while other engineering and
natural sciences can be found (Figure 2).
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This review gives an overview of the most recent research on the safety of hydrogen
storage. Firstly, a brief overview of important storage technologies is given, including high-
pressure storage, liquid hydrogen in cryogenic tanks, methanol storage, and salt cavern
storage. These techniques were chosen because high-pressure storage is the most often
used technique at the moment, with around 80% of all hydrogenation processes worldwide
using it, while liquid hydrogen is especially used in flight and space applications where
high-energy storage densities are necessary [7]. Methanol has a high-energy storage density
and it can also be used directly as a fuel, and salt cavern storage was chosen as an example
of large-scale storage and long discharge times [7].

The potential risks of these storage techniques are discussed, and the recent state of
solutions for these problems is given, before areas of further research on hydrogen storage
safety are identified.
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2. Hydrogen Storage Methods
2.1. High-Pressure Storage

High pressure storage of hydrogen in gaseous state is recently the most often used
method to store hydrogen. It can be stored at ambient temperatures, in contrast to liquid
hydrogen, which needs vacuum-insulated vessels, and it necessitates significantly lower
energy for compression than energy needed for liquefaction [8].

The energy needed for compression depends on the pressure that should be reached.
For applications in vehicles, for example, a pressure of 700–1000 bar is used [8,9], neces-
sitating approx. 10% of the energy content of the gas for this process [10]. On the other
hand, a pressure increase from 1 bar to 700 bar will increase the low hydrogen density of
0.089 kg/m3 under ambient conditions to 40 kg/m3, corresponding to an increase of the
energy density from 0.0033 kWh/L to 1.32 kWh/L [11]. It should be mentioned that H2
cannot be regarded as an ideal gas under high pressure; thus, the well-known ideal gas law
does not hold in these calculations.

Correlated with this increase in storage density, safety issues increase, making different
vessels necessary for different pressures. For the aforementioned pressures of 700–1000 bar,
composites with a metallic enclosure (Type II) or carbon-fiber-reinforced polymers with
metallic boss and polymer liner (Type IV) can be used, while fully metallic vessels (Type I)
or composites with metallic liner (Type III) can be applied for lower pressures of up to
500 bar or 450 bar, respectively [7,9]. Besides this differentiation, Type I is commonly
produced from steel and is thus the heaviest vessel, while Type IV is the most lightweight
type of vessel [12]. Type III and Type IV are usually applied in vehicles where pressures
of 350–700 bar are typical [12]. As an example, Figure 3 shows a Type III vessel with an
aluminum liner, while a Type IV vessel would have a polymer liner instead [13].
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Figure 3. The inner structure of a Type III hydrogen storage tank. Reprinted from [13], with permission
from Elsevier.

To compare the different types of vessels in detail, Table 1 summarizes the material
compositions, pressure ranges, and typical applications.

Potential risks of hydrogen high-pressure storage include the risks that metals may
become more brittle upon contact with hydrogen, the temperature may increase during
fast infilling, and hydrogen leakage may lead to detonation [8]. In all composites, failure
can occur due to fiber breaks, delamination, or matrix cracking, while a polymer liner
may develop permeation or leakage upon contact with hydrogen [11]. The severity and
probability of such events has to be taken into account in a risk assessment. As an example,
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the risk assessment for onboard hydrogen storage in an onboard compressed hydrogen gas
tank starts with the risk of a car starting to burn due to an accident or other reasons and then
follows a series of events towards a catastrophic tank rupture, as depicted in Figure 4 [14].

Table 1. Vessels for hydrogen storage [9,11,12].

Vessel
Type Material Composition Pressure Range Applications

I Metal Max. 50 MPa Stationary (low costs, low energy consumption)

II Thick metallic liner wrapped with
fiber–resin composite Not limited Stationary (medium costs, high energy consumption)

III Composite with thick metal liner, which
contributes to mechanical resistance Max. 45–70 MPa Vehicles and industry (lightweight, but high costs and

high energy consumption)

IV Composite with polymer liner or very thin
metal liner Max. 100 MPa

Vehicles and high-pressure industrial purposes (most
lightweight, but very high costs and very high

energy consumption)
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Figure 4. Frequency of a tank rupture in an engulfing fire. HP: high pressure; TPRD: thermally
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2.2. Liquid Hydrogen Storage

Due to its small density, hydrogen has a large mass-related heating value of around
120 MJ/kg, which is more than twice the value of other common fuels, but only a small
volume-related heating value [15], as mentioned before. To increase this value beyond the
values mentioned before for compression of the gas, hydrogen can be liquefied to enable
the transportation of more energy content per tank capacity [15].

Different processes can be used to liquefy hydrogen, which are all based on compress-
ing, cooling, and expanding a gas from an intermediate temperature between the ambient
temperature and the liquefied fluid temperature, where the stream of the fluid that should
be liquefied is always kept at a pressure above a lower limit [15].

The liquefied hydrogen is stored in cryogenic tanks at a temperature of 21.2 K at
ambient pressure [16]. Besides thermal insulation to reduce boiling-off as far as possible, it
is also necessary to fully convert hydrogen from ortho- to para-hydrogen, i.e., from parallel
to antiparallel nuclear spins [16]. While hydrogen at room temperature contains around
25% para- and 75% ortho-hydrogen, the fraction of ortho-hydrogen is reduced to 0.2% at
the boiling point. This conversion usually happens on very long time-scales of around
months to years, and it is exothermic, meaning that the conversion enthalpy will heat
up the vessel and lead to evaporation of the stored liquid hydrogen. Speeding up the
transformation from ortho-hydrogen to para-hydrogen is possible through adsorption on
charcoal, different metals, or metal oxides [16].

Other important points that must be considered in reducing boil-off losses are the
shape and the size of the vessel, as they are proportional to the surface-to-volume ratio [17].
These losses can be reduced from 0.4%/day for double-walled spherical vacuum vessels
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with a volume of 50 m3 to 0.06%/day for identical vessels with a volume of 20,000 m3 [16].
However, due to the relatively high liquefaction energy of around 30% of the hydrogen
energy content [17] and the constant boil-off, this storage method is mostly used for
applications in which the costs are less important and where the hydrogen is used quickly,
such as in air or aerospace applications [16].

For liquid hydrogen storage, similarly to high-pressure storage, leakage is the main
risk; however, there are more potentially dangerous events to be taken into account for
liquid hydrogen storage, as the comparison in Figure 5 shows [18]. It should be mentioned
that only possible events are shown here, while a quantitative risk assessment necessitates
filling data gaps for liquid hydrogen systems [18].
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2.3. Methanol Storage

It is possible to store hydrogen in different chemical hydrides that are liquid under
ambient conditions, such as methanol or ammonia [19]. Methanol (CH3OH) is the sim-
plest alcohol, and it can store up to 12.5 wt% of hydrogen, which can be released again
by reacting with water or oxygen or through thermolysis [20]. The latter necessitates
heating the methanol to a temperature of 230–330 ◦C and applying a catalyst, usually
Cu/ZnO/Al2O3 [21].

Storing hydrogen in methanol has different advantages. The production of methanol
from CO2 and hydrogen is a commercially applied technique in which temperatures of
around 220–280 ◦C and pressures around 10–80 bar are necessary, which is not uncommon
for industrial reactors, and similar catalysts to those used in methanol production from
natural gas can be used [22]. It stores not only hydrogen but also CO2. And, finally,
methanol itself is an often used chemical, and its production from methanol helps in
reducing the use of fossil fuels [19].
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Nowadays, research is being performed to increase the efficiency of this process, e.g.,
by improving the catalyst for methanol dehydrogenation. Bernskoetter and Hazari showed
that combining an Fe-6 complex catalyst with a Lewis acid as a co-catalyst improved the
catalytic activity compared to a Mn-3 complex with KOH as the co-catalyst, while, on the
other hand, the latter showed high stability [23,24]. Applying precious metal catalysts,
different ruthenium complexes with ligands, and an additional base were investigated
as catalysts for methanol dehydrogenation [25,26]. For such transition-metal-catalyzed
methanol dehydrogenation processes, van de Watering et al. suggested the intermediate
products shown in Figure 6 [26]. Other potential catalysts are based on Ir complexes with
ligands and different bases [27,28].
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Another important step in the process is the production of methanol, which can either
be achieved through direct CO2 hydrogenation according to the process
3H2 + CO2 → CH3OH + H2O or through formic acid hydrogenation according to the
process HCOOH + 2H2 → CH3OH + H2O [29]. While direct hydrogenation of CO2 is the
easier process, the negative enthalpy and entropy of this process may cause limitations. For
both processes, different catalysts have been investigated.

Amongst the drawbacks of this storage technique, the release of CO2 together with H2
must be mentioned, resulting in the necessity to capture and convert CO2 [30]. In addition,
further optimizing the catalysts and making them available for large-scale industrial plants
is necessary to further improve the usability of this process. On the other hand, the broad
range of possible applications of methanol, besides pure H2 storage, make methanol highly
interesting and even a potential alternative to hydrogen as an energy resource [31].

Similarly to the aforementioned hydrogen storage techniques, leakages of the in-
flammable gas, which is highly toxic when inhaled, swallowed, or absorbed through the
skin, are among the main risks of methanol storage [32,33].

2.4. Salt Cavern Storage

Amongst the large-scale energy storing techniques, salt caverns are potential can-
didates to store hydrogen with an energy content of up to hundreds of GWh for long
time-scales up to months [34]. The storage capacity of salt caverns depends not only on
their volume and depth but also on the geological structure [35]. Generally, storing hy-
drogen in salt domes or layered salt formations (Figure 7 [36]) offers the advantages of
chemical inertness, low porosity, and permeability [37] in addition to their large capacity,
flexible operation, and safety [38]. Salt caverns are less prone to fires or other catastrophes
than other storage methods, they have large volumes, and they are available in many
countries, and storing hydrogen underground is less expensive than other possibilities [39].

On the other hand, interactions of hydrogen with its environment have to be taken
into account during the evaluation of potential rock salt storage facilities [40]. Another im-
portant point is that the chosen salt domes should not be disturbed by mining activity [41].
Besides these obvious restrictions, some more have been evaluated in recent years. The
small H2 molecules may leak through pores that are not accessible to other gases, and
microorganisms may consume the hydrogen [42]. Generally, losses in salt cavern hydrogen
storage can be subdivided into chemical loss, leakage, dissolution, and adsorption loss [43].
The worst case would be a rupture at the ground of the riser pipe from the salt cavern
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to the ground, which may lead to jet fire, toxic chemical release, and unconfined vapor
cloud explosion, which was rated as most frequent result, with an individual risk of around
5 × 10−5/yr, i.e., around 10 times higher than H2S toxic gas release, which was calculated
to have an individual risk of around 6 × 10−6/yr [44].
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It should be mentioned that there are more possibilities for underground hydrogen
storage, such as hydrogen storage in porous reservoirs, like saline aquifers and depleted
oil and gas fields [45,46]. Diverse projects in the last two decades have studied different
underground storage techniques, such as Hychico, which uses a glauconitic sandstone
reservoir [47], H2STORE, which aimed to test the usability of clastic sediments of depleted
gas reservoirs and recently used gas storage sites [48], HyUnder, which is searching for
different underground storage locations in Spain [49], and ANGUS+ for the identification of
respective locations in Germany [50]. Recently already used underground hydrogen storage
sites include depleted oil and gas fields, like the Diadema project in Argentina, and saline
aquifers, like the Beynes project in France, as well as potential sites like Midland valley in the
UK and Mount Simon in Canada [45]. While depleted hydrocarbon resources are, recently,
the most often used underground storage facilities [40], they have the disadvantage of
hydrogen contamination [51]. The main challenge of using deep aquifers is hydrogen loss,
mostly due to chemical reactions of the hydrogen with the reservoir [46]. The focus here on
storage in salt caverns was chosen due to their high efficiency without contamination of the
stored hydrogen. In addition, salt caverns enable injection/extraction on an approximately
monthly basis, while underground storage in deep aquifers is better suited to less injection
cycles per year [52]. Finally, deep aquifers need more cushion gas than the other alternatives,
i.e., gas remaining in the reservoir during the whole storage time [53,54]. An overview of
some recently operating and closing underground hydrogen storage projects is given in
Figure 8 [55].
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3. Recent Solutions to Safety Problems

Depending on the chosen storage technique, here, the most current solutions to the
aforementioned potential safety problems are described. Generally, these safety precautions
include primary, secondary, and tertiary measures, i.e., exclusion of leakage and formation
of explosive mixtures, avoiding mechanical or electrostatically generated sparks as ignition
sources, and minimizing the effects in case of fire or explosion by installing appropriate
walls and fire extinguishing systems, respectively [57]. The latter is addressed, for example,
by the NFPA 2 Hydrogen Technologies code, which defines hydrogen-specific requirements
for buildings, storage systems, etc. [58].

3.1. Safety Problems and Potential Solutions in High-Pressure Storage

Generally, when hydrogen is released from a leak in a high-pressure system, an under-
expanded jet occurs, accompanied by complex shock waves [59]. This process has been
investigated experimentally by several research groups taking into account different pres-
sures and initial temperatures as well as different leak diameters, which can be modeled
by different nozzle sizes, and measuring the shockwave structures and downstream hy-
drogen concentrations, e.g., through Schlieren photography and planar laser Rayleigh
scatter imaging [60–63]. Such experimental approaches, however, are mostly related to
relatively low storage pressures as high-pressure experiments would be more difficult
and even dangerous. Instead, computational fluid dynamics simulations are performed
by many groups to study hydrogen jets from high-pressure storage systems, showing a
near-nozzle shock structure, a turbulent shear layer, and the general hydrogen penetration
and distribution [64–66].

Importantly, the hydrogen cannot be treated as an ideal gas due to the high pressure, as
mentioned before, meaning that pressure-dependent compressibility and other effects have
to be taken into account [67]. To evaluate the effect of gas leakage in high-pressure hydrogen
storage, Zhang et al. modeled the jet exit properties through numerical analysis [68].
They modeled the real gas through the cubic Peng–Robinson equation of state due to
its balance between accuracy and computational efficiency, especially for high-pressure
gas [69]. Comparing this real gas model with an ideal gas, they showed the distinct
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differences between densities and isobaric heat capacities calculated both ways, where only
the first corresponded well to the NIST Chemistry WebBook [70] used as a reference [68].
The gas under-expansion process was modeled as isentropic expansion. Varying the exit
pressure, exit temperature, and exit velocity, they modeled Mach disk (shock wave) and
hydrogen concentrations in the near-field. Figure 9 shows a comparison of modeling with
the Peng–Robinson equation of state (Figure 9a) and an ideal gas (Figure 9b), both for
an initial temperature of 300 K and a pressure of 30 MPa [68]. Generally, they concluded
that the mass flow rate of high-pressure hydrogen jets could be well-modeled through the
isentropic expansion assumption [68].
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Modeling of potential risks does not only mean modeling the physical aspects of
leakage but also estimating the frequency of leakages and other failures [71,72] as well
as their consequences [73]. For the latter, models based on experience with oil, gas, and
process industries have to be adopted for use with hydrogen. Hansen notes that blasts
will be approx. one order of magnitude shorter than those of the respective hydrocarbon
scenarios; in the case of a flashfire, the flames will not propagate horizontally through
clouds with hydrogen concentrations below 8%, and hydrogen jet fires will be limited in
size and duration [73]. Discussing the risk of high-pressure hydrogen storage at a refueling
station, he mentions very large potential release rates with the risk of strong explosions,
with the risk increasing with the storage size, the consequences increasing with the bottle
sizes and bottle connection diameters, and the frequencies increasing with the number
of bottle connections [73]. He also mentions the potential burst of storage tanks upon
impact loads and impinging fires, which would lead to blast effects, fireballs, or explosions
and are more likely to occur for Type III/IV composite tanks, necessitating protection
against impact and fire load. Generally, he suggests keeping all hydrogen units besides the
dispenser behind robust vertical walls (without a roof) to protect the outer environment
from potential explosions or jet flames [73]. Hansen also investigated a real accident at a
Norwegian hydrogen refueling station where a 50 L tank at 950 bar started with a small,
undetected leak for several hours, before the situation escalated by opening silicon fittings
and resulting in a large hydrogen leak with subsequent explosions due to self-ignition [74].
Here, the fence around the main part mostly protected the surroundings, while the major
explosion was heard and felt even miles away, windows in an office building ~65 m away
shattered and airbags in cars on the highway ~ 50 m away were activated. According
to Hansen’s calculation, flange and joint leaks can happen almost every year and every
1050 years, respectively. This accident thus showed the importance of regularly checking
bolts and soft seals, working precisely, and, especially, detecting small leaks as early as
possible to avoid escalation [74]. Hansen also mentions the necessity of finding the balance
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between increased ventilation to avoid the accumulation of hydrogen and having solid
fences around the site to protect people from flames, projectiles, and pressure [74]. The
necessary data for a quantitative risk assessment for a hydrogen system are exemplarily
given in Figure 10 [75].
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Muthukumar et al. discussed the safety of high-pressure hydrogen storage tanks [76].
They mentioned that cycling loading and temperature variations may lead to failure due to
mechanical or thermal influences or combinations of both. In addition, permeation of the
small hydrogen molecules may occur through gaps due to insufficient resin binding [76].
Another problem of metal vessels in contact with hydrogen is hydrogen embrittlement.
This means the degradation of the mechanical properties of metals upon contact with
hydrogen [77], i.e., a reduction in the tensile strength [78,79], fracture toughness [80,81],
and fatigue strength [82,83]. This effect is known from high-strength steel used in wind
foundations [84], and it has also been investigated in depth with respect to hydrogen
storage [85].

While hydrogen in Type III tanks is in contact with metallic parts and will thus
increase corrosion and embrittlement, these problems will not occur in Type IV tanks where
permeation is the main problem, especially under strong temperature fluctuations between
around 0 ◦C and 80 ◦C, as they occur upon rapid charging and discharging due to the
Joule–Thomson effect [86].

Different embrittlement mechanisms are known for various metals and metal alloys
due to contact with hydrogen [87], such as hydrogen diffusion into the grain boundaries
of stainless steel [88], hydrogen-enhanced plasticity and decohesion due to diffusion of
hydrogen into plain carbon steel [89], crack formation and electrochemical charging due to
hydrogen diffusion into aluminum, copper, nickel, and titanium alloys [90–93]. Investigat-
ing the embrittlement due to contact with hydrogen is possible with diverse mechanical or
microscopic tests [87]; however, these lab tests cannot be conducted on vessels in use as
they destroy the material or necessitate small samples for microscopic investigations. Only
few reports of integrated sensors to monitor the structural integrity of vessels, e.g., optical
sensors or a fiber Bragg grating, can be found in the literature [94]; this approach, however,
would further increase the vessel costs due to the evaluation equipment and may thus not
be acceptable in all applications of high-pressure hydrogen storage vessels. Nevertheless,
this approach may support the acceptance of hydrogen storage systems and should thus
not completely be neglected.
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As Okonkwo et al. suggest, understanding the hydrogen embrittlement of hydrogen
storage materials is the first step to improve embrittlement prevention [87]. Common
approaches to reduce this problem using surface coatings and microstructural modifications
can only be successful if the mechanisms that damage the materials are well-understood.
Possible coatings include producing an oxide layer on the surface [77] or coatings with
specific metals [95], while modification of steels with carbon or other elements may also
help to reduce hydrogen embrittlement [96]. Nevertheless, more tests and simulations are
necessary to further improve the material properties of tanks for high-pressure hydrogen
storage [97,98].

On the other hand, permeation of hydrogen through a polymeric liner and degradation
of a polymer’s mechanical properties due to contact with hydrogen are also well-known
and have to be taken into account [9], as well as swelling of a polymeric material upon
absorption of hydrogen gas [99]. The permeation of hydrogen through a polymer does not
only depend on temperature and pressure—which will change drastically during filling and
unfilling—but also on the material properties, such as the crystallinity, potential additives,
and possibly absorbed water [100].

To conclude, safety problems in high-pressure hydrogen storage can be related to
material embrittlement, the permeation of hydrogen through polymeric materials or gaps
due to insufficient resin binding, leaking bolts and soft seals, especially if not recognized
very soon, and, generally, human failure in handling hydrogen storage vessels. The
corresponding most important safety solutions are polymer coatings of metal vessel parts,
generally more material research, sensors to detect gaps in time, as well as increased
training of the people working with these high-pressure storage systems.

3.2. Safety Problems and Potential Solutions in Liquid Hydrogen Storage

Storing hydrogen in its liquid state, i.e., at very low temperatures, means that the
surrounding material must be able to withstand these temperatures. As described before,
hydrogen evaporation from the vessel through the pressure relief valve depends on the
vacuum insulation, the surface-to-volume ratio of the tank, and the para- to ortho-hydrogen
ratio. It can thus be unintentionally increased by heat transfer from the environment,
movement of the liquid hydrogen due to moving the tank, which will increase the kinetic
energy and thus the thermal energy, fast boil-off while achieving equilibrium conditions
after filling the tank, or ortho- to para-hydrogen conversion [101]. However, these processes
are not relevant to safety evaluation under normal circumstances as long as the evaporated
hydrogen is either re-used in controlled processes or released into the environment to avoid
an increase in pressure and potentially dangerous accumulation of hydrogen. Nevertheless,
similarly to high-pressure hydrogen storage, several potential dangers have to be taken into
account besides the aforementioned physical and chemical issues, including physiological
issues, such as frostbite, hypothermia, or suffocation [102]. This leads to the necessity to
avoid any direct contact with liquid hydrogen or insufficiently insulated equipment, where
the latter can even lead to liquefied air dripping from it and causing cold burns [102].

While a leakage in liquid hydrogen storage systems looks, at first glance, similar
to a leakage in high-pressure storage systems, there are nevertheless clear differences
between these situations. Hydrogen dispersing out of a liquid storage system is significantly
colder and has a higher density, which is even higher than that of air, resulting in this
hydrogen staying near the ground and spreading horizontally [103]. In particular, mixing
of this hydrogen with the surrounding air, which can be condensed and solidified by
the cold hydrogen, can lead to an inflammable mixture [104]. These risks lead to several
standards for the handling of liquid hydrogen and definitions of safe distances, including
the recommendation to avoid liquid hydrogen storage vessels within buildings [105,106].
In spite of these additional problems with liquid hydrogen storage, this technique may still
be safer than scaling up a compressed gas system, where the leak frequency will increase
with the number of vessels and connections between them [73].
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Recent research has concentrated on material investigations, such as optimizing austen-
ite stainless steel alloys for improved low-temperature stability [107]. The cryogenic
toughness of such materials has been investigated through diverse mechanical tests at
cryogenic temperatures of 20 K, where different standards define slightly different eval-
uation methods [108]. Typical materials under research are aluminum alloys [109,110],
titanium alloys [111], or even composites [112–114], while the latter may need an addi-
tional barrier membrane on the inner wall to impede liquid hydrogen penetration [115,116].
It is interesting to note that hydrogen embrittlement of 304 austenitic stainless steel is
much less pronounced due to the slower diffusion of hydrogen at temperatures below
−150 ◦C [117]. The temperature dependence of hydrogen embrittlement in austenitic
stainless steel can also be reduced by increasing the Ni content above 12.5%, which is
homogeneously distributed over the microstructure [118].

While partly already being used by NASA, such composite liquid hydrogen storage
systems nevertheless require further investigation of all components and related production
processes [108].

It should be mentioned that measuring the temperature and pressure of the liquid
hydrogen during storage and transport as well as using leak detection systems are common
safety measures for liquid hydrogen storage [119]. All in all, the hazard footprint of liquid
hydrogen used as an alternative fuel storage concept is regarded as significantly lower than
compressed hydrogen storage methods by Schiaroli et al., as depicted in Figure 11 [120].
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To conclude, safety problems in liquid hydrogen storage are identical to those de-
scribed for high-pressure hydrogen storage; however, there are new physiological risks
for people handling the liquid hydrogen as well as increased danger when the colder and
higher-density liquid hydrogen disperses from the storage system, in addition to the afore-
mentioned risks of high-pressure storage systems for people working nearby the storage
vessels. The corresponding main safety solutions are the same as those for high-pressure
storage, as well as personal protective equipment for people handling the cryogenic liquid.

3.3. Safety Problems and Potential Solutions in Methanol Storage

Storing hydrogen in the form of methanol or other H2 carriers is less common than
the previous storage techniques in pressurized tanks or cryogenic vessels. One of the main
problems related to this technique is the toxicity of methanol in the vapor phase [121]. This
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is especially important because methanol can be absorbed through the skin as well as by
breathing or swallowing [122]. While it biodegrades quickly, methanol can still have a
significant environmental impact, e.g., on marine life if transported by ship [123]. On the
other hand, its boiling point of 64.7 ◦C makes storage at room temperature less dangerous
than other hydrogen carriers. Nevertheless, the flash point of methanol between 12 ◦C
and 16 ◦C and the flammability range in air between 6% and 37% necessitate avoiding
potentially explosive air/methanol mixtures as well as ignition sources [122].

To avoid leakage of the methanol storage tanks, they are usually made from stainless
steel or have a methanol-resistant coating. Only a few non-metallic materials can be
used, e.g., nylon, neoprene, or non-butyl rubber [124]. Due to methanol’s toxicity, more
monitoring systems are necessary for methanol storage than for current fuels [125].

Generally, while the risks related to high-pressure or cryogenic temperatures are
reduced for methanol storage of hydrogen compared to high-pressure storage and liquid
hydrogen storage, respectively, the toxicity of methanol necessitates careful handling
and comprehensive monitoring systems. The suggested safety solutions, besides the
aforementioned ones, are thus mainly sensors to detect any leakage in time.

3.4. Safety Problems and Potential Solutions in Salt Cavern Storage

While salt caverns for hydrogen storage usually have low leakage rates, the worst-case
scenario of a vertical riser pipe rupture at the ground would potentially result in jet fire,
unconfined vapor cloud explosion, and release of toxic H2S [44]. Other potential risks are
associated with the geological and technical integrity of the reservoir and the gas storage
wells, respectively, where the latter depend on the used materials and their resistance to
corrosion and leakage [40,56]. As discussed in the previous sections, the effect of hydrogen
on the materials used, including not only metals but also cement, may reduce the well’s
integrity, especially in combination with varying temperatures [126].

Hydrogen stored in salt caverns can additionally be polluted by bacteria that produce
methane or H2S [127]. This problem should be taken into account by analyzing the bacteria
in a chosen salt cavern and subsequently measuring the expected pollution of the stored
hydrogen [128].

In a recent risk analysis of large-scale hydrogen storage in salt caverns, Portarapillo
and di Benedetto concluded that an unconfined vapor cloud explosion could happen
most frequently, but the effect zone of this event would decrease with time [44]. They
underlined the necessity of a good monitoring system to detect microbial side effects not
only in case of leakage [44]. Other studies have reported that the high salinity would make
microorganisms’ activity in salt caverns ineffective [129,130].

Different monitoring tools that are especially suited for underground hydrogen storage
are, among others, carbon isotopy to investigate methane production kinetics, electrical
and seismic measurements for site monitoring, and measurements of parameters like flow
rate, temperature, and gas composition, which are correlated with storage operations [131].
Odorants can be used to make leaks more detectable [132]. Besides sensors, subsurface
safety valves should be used, which automatically close in case of a hydrogen leakage or
even an eruption [40,56].

Before choosing a storage site, seismic hazard mapping is necessary to avoid seismic
risks [133]. Another aspect related to choosing the best salt cavern was discussed by
Peng et al., who mention that horizontal caverns have greater safety than vertical ones as
no interlayers need to be crossed, so interlayer collapse is avoided [39]. The thickness of
the salt layers above and below the cavern must also be taken into account as a function of
the cavern’s diameter, where 75% and 20% of the cavern’s diameter have been suggested
as the minimum salt deposit [134]. Upper and lower limits for operating pressures are
mostly derived from experience with natural gas storage and should avoid rock fracture
due to pressures that are too high as well as instability of the cavern due to pressures that
are too low [135,136]. A compressive safety belt around the cavern, taking into account a
safety factor of, usually, 1.2 (i.e., 20% higher than calculated), is necessary to ensure the
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long-term stability of the cavern [137]. In addition, safety pillars between neighboring
caverns should have approx. twice the average cavern diameter [138,139]. Typically, these
limits are defined based on numerical calculations or physical simulations and supported
by experiments and monitoring of real situations [140–143].

All in all, leakage and the potential formation of gas clouds are the main safety risks
that may lead to jet fires, unconfined vapor cloud explosions, or flashfires. Safety solutions
are thus mainly related to sensors for leakage detection and general monitoring systems.

4. Conclusions and Outlook

This review exemplarily discusses four different hydrogen storage techniques with
their respective risks, which are summarized in Table 2.

Table 2. Main risks of the chosen hydrogen storage techniques and potential solutions.

Technique Risk Potential Solutions

High-pressure storage Material embrittlement Polymer coatings of metal vessel parts

High-pressure storage Permeation through polymeric materials or gaps Material research and sensors to detect gaps in time

High-pressure storage Human failure Training and increasing number of sensors

Liquid hydrogen storage
(increased risks)

Dispersion of colder and higher-density hydrogen from
storage system See above

Liquid hydrogen storage
(additional risks) Physiological risks for people handling the liquid hydrogen Training and personal protective equipment

Methanol storage Leakages of the inflammable gas or toxic fluid Sensors to detect leakage in time

Salt cavern storage Leakage Sensors to detect leakage in time

Salt cavern storage Unconfined vapor cloud explosion Monitoring system

This leads, together with cost and scale considerations, to the following framework of
which method is ideally suited for which application (Table 3).

Table 3. Suitable applications of different hydrogen storage techniques due to costs and scales.

Technique Costs Scale Application

High-pressure storage Depend on vessel type (cf. Table 1) Small, up to ~1000 m3 [75]
Stationary/vehicles/industry,

depending on vessel type

Liquid hydrogen storage High electric energy costs [144] Small, up to 5 million liters [75] NASA and carrier ships

Methanol storage Higher than liquid H2 for
production, lower for shipping [75]

<10 L (lab scale), up to 2000 t
(transport) [145]

Transportation; direct use as
feedstock instead of reconversion is

economically reasonable [75]

Salt cavern storage Lowest for large-scale storage [146] 100,000–1,000,000 m3 [75] Large-scale, long-term storage [75]

Contact with hydrogen in gaseous form may lead to material embrittlement, especially
in the case of metals but also in the case of cement. The very small hydrogen molecule may
permeate through polymeric materials, gaps, or microcracks. Undetected small leaks may
lead to catastrophic hydrogen evaporation if not detected soon.

Hydrogen in liquid form poses additional challenges due to its cryogenic temperature
as well as the higher density, which keeps unintentionally evaporated hydrogen near the
ground. Leakage may also occur from underground storage in salt caverns. In all cases,
fires and explosions may occur.

While these risks are significantly reduced for methanol storage, the toxicity of
methanol necessitates careful handling and, again, reduction of the risk of leakage as
well as monitoring to detect potential leaks as soon as possible.

In the future, quantitative risk assessments based on experience gained with different
hydrogen storage methods are necessary to identify optimum storage techniques and the
corresponding monitoring and resulting automatisms for different situations. For this, it
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is necessary to build up a database of even small problems that might, if not detected,
develop further towards an accident [74,147]. In particular, the probability of damage to
persons, including the measure of damages, must be taken into account. Ideally, safety
standards should be defined, as they already exist for other fuels, to reduce any risks as far
as possible and to increase confidence in hydrogen as a potential energy storage medium.
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