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Abstract

Hydrogen is key player in the energetic transition towards a more sustainable society
as a very versatile energy carrier. Nevertheless, hydrogen storage represents the main
limitation to the spread of a hydrogen driven economy on a small and medium scale.
Clearly, achieving this requires a balance among material engineering, system optimization,
and techno-economic assessments to optimize performance, safety, and scalability. In this
work we briefly and critically discuss the progress in hydrogen storage focusing on the
necessity to create a bridge to overcome the actual limitations. We explore the most recent
advancement in the field drawing a picture of the complex scenario of hydrogen storage
in the framework to the transition to a net zero or carbon negative society providing an
updated opinion on the challenges addressed and those still to be solved.

Keywords: hydrogen; hydrogen storage; energy transition

1. Introduction

Energy is the cornerstone of mankind’s daily life; it grants the operativity and integrity
of a wide range of productive ecosystems and infrastructures. Access to clean and sustain-
able energetic resources is a strategic security issue for the European Union (EU) and is
one that must be faced to fulfil the ambition of realizing the Green Deal in Europe. As if
this challenge were not enough, the COVID-19 pandemic and war crisis in eastern Europe
revealed how quickly and profoundly the supply chains of the world can be disrupted,
affecting the energetic transition. The European Commission (EC) has faced this new world
scenario by proposing an ambitious COVID-19 recovery plan to increase resilience and
open strategic autonomy, by fostering the transition towards a digital and green economical
model. Nonetheless, energy resources are an increasingly scarce commodity, which is hav-
ing a growing impact on the quality and health of the environment. In order to mitigate this
process, the EU has developed the ambitious challenge of achieving the total abandonment
of fossil fuels. The new industrial European strategy focuses on strengthening energetic
autonomy in Europe, replacing the current dependence on fossil fuels with a carbon neutral
or carbon negative energetic supply chain [1]. This ambitious project envisages a transition
period, during which various environmentally friendly energy sources will lead the change
in the current energetic paradigm. In this context, hydrogen will play a key role considering
its possible production from fully renewable sources [2]. The transition toward a hydrogen
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based energy system is increasingly framed by the challenges of economics, legislation, and
cost-effectiveness [3]. Despite rapid technological progress, hydrogen remains significantly
more expensive than conventional fossil-derived alternatives when production, storage,
distribution, and end-use technologies are considered as a whole field [4,5]. This cost gap
persists largely due to regulatory frameworks and market mechanisms that are not yet fully
aligned with long-term hydrogen strategic value. In many jurisdictions, legislation still
lacks clear definitions, robust certification schemes for low-carbon hydrogen and coherent
incentives to mitigate investment risks for producers, distributors, and consumers. As a
result, uncertainty in policy direction slows capital flows and limits economies of scale,
which are essential for driving down costs [6].

The safety issues surrounding and the perception of hydrogen are other key issues
that slowed down its use on a daily life base. Furthermore, a technology gap overview
shows clear performance deficits across existing hydrogen storage systems with unbal-
anced performances between gravimetric and volumetric hydrogen storage effectiveness
as reported by the U.S. Department of Energy in a recent report [7]. As mentioned, the
critical issue in hydrogen storage for mobility remained the autonomy of at least 350 km
before refuelling, meaning at least up to 6 wt.% of hydrogen gravimetric efficiency and at
least 0.045 kg /L for a tank. Additionally, an operation temperature between —30 and 80 °C
is required together with a durability up to 1000 cycles. Storage technologies cannot match
all these specifications at the same time with several routes; take for example, compressed
hydrogen that failed in gravimetric capacity while physiosorbed and chemical storage that
failed in cyclability. The critical point is that tanks show limitations that can be overcome
easily and material-oriented approaches show room for improvement.

From this perspective, we discuss hydrogen storage issues; in particular, we highlight
one aspect as one of the more critical issues—the spread of hydrogen as an energetic
vector. We briefly present the picture of hydrogen production and the key features of each
technology for hydrogen storage, providing a critical point of view about each one.

2. The Colours of Hydrogen: Production and Sustainability

A fully hydrogen-based economy is a multicomponent sector which starts from hy-
drogen production. To achieve a non-impacting energy system by 2050, it is of capital
importance to ensure a nearly zero carbon emission route for hydrogen production. Based
on the source used for its production, hydrogen is classified by colour codes (grey, brown,
black, turquois, white, purple, yellow and green and blue) as shown in Figure 1.
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Figure 1. The colour scale of hydrogen as reported by Arcos et al. [8] (reprinted under CC BY 4.0).
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Even if a classification is required, we believe that a naive approach can mislead those
who are approaching the field, making it hard to distinguish black from grey and yellow
from green. So, let us make some brief clarifications about this.

White hydrogen represents the hydrogen that naturally occurs in soil deposits and
that is released through fracking, but no strategies have been deployed yet for its profitable
utilization [9].

Grey hydrogen is already produced in large quantities from fossil fuel resources using
steam methane reforming, autothermal reforming of natural gas, and by partial oxidation
of heavy oil [10]. Brown and black hydrogen are less environmentally friendly and they
are produced through the gasification of coal [11]. On an industrial scale, grey, brown,
and black hydrogen production has been long established, and its further expansion is not
affected by any technological limitation, except for the limitations of fossil fuels.

Nevertheless, grey, brown, and black hydrogen production involves the release of
a large amount of carbon dioxide as by-product; it is generally vented directly into the
atmosphere and significantly contributes to global warming. Alternatively, steam reforming
can be replaced by pyrolysis which produces turquoise hydrogen [12]. Blue hydrogen
is the hydrogen that shows a negative carbon footprint which is achieved by capturing
and converting the greenhouse gases emitted during its production, such as methane
and carbon dioxide, using other integrated multifunctional processes [13]. Accordingly,
blue hydrogen is defined based on the platforms in which it is integrated and not only by
considering the energy source and raw materials used for its production. Blue hydrogen
is the most ineffable one and it is the only carbon negative hydrogen. The production of
hydrogen represents a critical sector that has reached considerable achievements that have
gained solidity and trustworthiness in front of both academic and private players [14].

Green hydrogen represents the more solid alternative to the highly environmentally
impactful ones [15,16]. Green hydrogen is also known as renewable hydrogen, and it is
produced using electrolysers fed with renewable electricity. These productive strategies
ensure near-zero greenhouse gas emissions and represent the most mature hydrogen pro-
duction technologies useful for guiding the energy transition. Also in this case, the energy
source matter and the use of the electric grid reduced the positive impact of production
leading to yellow hydrogen while the coupling with nuclear plant led to purple one [8].

Cost competitiveness between the types of hydrogen is highly related to when and
where they are produced. Key factors (e.g., feedstock, natural gas price, electricity price,
capital expenditure of electrolyser and CO; capture, and storage cost) must be simultane-
ously considered for a rational and balanced choice. Nevertheless, we believe, in accordance
with the latest report of International Energy Agency, that single point hydrogen prices are
misleading and a geographical insight on the economical conditions must be enforced [17].
Nevertheless, we agree that the cost of black and grey hydrogen is still the most affordable
(ranging around 1.0-1.5 $/kg) while the green will run up higher costs of up to 3 $/kg [18]
with similar costs for purple hydrogen [19]. We should point out that blue hydrogen
represents an exception due to the definition that is related not to the production route but
to the platform and CO, emissions policies [20]. In this specific case, we assume that the
cost of around 1.5-4 $/kg can be balanced by the CO; capture marketplace [21,22] and by
the reputational cost associated with the decarbonization commitment, at least for small
and medium enterprises [23,24].

It is clear that the emerging hydrogen economy has been challenging from its start but
it can be worse, still, when it comes to storage and distribution.
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3. Hydrogen Drawback: Security and Storage Issues and Technologies

Nowadays, hydrogen distribution into energetic grids and its storage are critical issues
that need to be solved. The production of hydrogen has been the subject of intense research
efforts aimed at improving the efficiency of production systems, reaching significant ad-
vances in the field of water electrolysers and both blue and green hydrogen generation.
On the contrary, hydrogen storage remains the great unsolved issue in this field. After the
hydrogen gas is transmitted through pipelines, the need exists for its bulk storage in local
distribution centres, with different specific requirements. Commonly, large volumes of
hydrogen are stored as liquid hydrogen in expensive insulated vessels—that can undergo
product losses due to evaporation—this, therefore, causes limitations for applications that
requires large volumes of pure gas such as chemical, steel, and aerospace industries. At
thermodynamical standard conditions, hydrogen is a colourless and odourless gas, that
is lighter than air and is able to form combustible and explosive mixtures with air in a
wide range of concentrations with a high diffusivity through several metal alloys. This
represents the first limitation that the automotive sector has faced during the development
of hydrogen-based vehicles, as hydrogen us induces embrittlement and crack formation
with leaks [25]. Hydrogen release represents a serious hazard due to its violent reactivity
with oxidizing agents. The other issue in storing hydrogen for energetic application is
related to its energy content. Hydrogen energy content per kg reaches 120 MJ compared to
only 43.5 MJ for common petrol and 50 M] for methane but under standard temperature
and pressure conditions, hydrogen energy content is comparable to that of methane and is
four orders of magnitude lower than liquid fuels. Accordingly, the combination of these
issues drastically limits the use of hydrogen technologies in mobility, preventing major
automotive manufacturers from marketing vehicles based on technologies which are using
hydrogen as a fuel, due to their safety limitations [26]. However, as reported by Meng
et al. [27], the durability of the systems such as direct hydrogen fuel cell can be modelled,
evaluated, and used as solid bases for the design of vehicles. Various approaches, based
on systems in which hydrogen is simply physisorbed or chemically bonded, have been
studied trying to overcome these limitations.

Additionally, hydrogen storage safety is a cornerstone of modern hydrogen energy
deployment in urban environments [28]. Hydrogen storage can involve several technolo-
gies (e.g., gas tanks, liquefied hydrogen, physiosorbed or chemical bonded species) and
the implementation of regulatory frameworks, through systematic hazard identification
tools such as Hazard and Operability Study (HAZOP) based on National Fire Protection
Association criteria (NFPA 2), is mandatory as reported by Mohammadfam et al. [29]. The
production of reference protocols is a key step due to the risk associated with hydrogen
release in enclosed spaces that can rapidly create conditions for flash fires or explosions.
The landscape of such protocols should face both indoor and outdoor scenarios trying
to provide the highest safety guarantees in complex scenarios considering ventilation,
ignition sources, mobility, close activity, and the volume of hydrogen that is stored [30,31].
Accordingly, HAZOP findings can provide key information for driving refinements of
NFPA 2 together with quantitative risk assessment [32]. Nonetheless, we believe that the
real risk represents only one part of the issue and that the perception of hydrogen as a risky
material should also be mitigated through dedicated and informative campaigns [33].

4. The Realm of Hydrogen Storage Systems

Hydrogen storage represents the fundamental pillar for the use of hydrogen as fuel,
but the approach to storage must be as efficient and as safe as possible. There are plenty of
different technologies available with both strong and weak points, as is discussed in the
following sections and shown in Figure 2.
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Figure 2. Summary of different hydrogen storage technologies. Reprinted from Mulky et al. [34]
under CC BY 4.0.

4.1. Compressed Hydrogen

Compressed gas is the most used hydrogen storage technology as it is proved by
the definition of a standard SAE J2600 on Compressed Hydrogen Surface Vehicle Fueling
Connection Devices by the Society of Automotive Engineers [35]. In 2011, the cost and
performance of hydrogen storage tank systems was assessed for the automotive sector
by comparing the hydrogen tanks designed for operating at 350 bar and 700 bar and
able to store 5.6 kg of hydrogen. The conclusion of this study proved that no tanks met
any of the automotive system targets for volumetric capacity or cost. Since that time,
compressed hydrogen has not yet reached a real breakthrough. In fact, in the automotive
sector, a maximum volumetric energy density of up to 4.9 MJ/L was reported by Toyota
Motor Corporation for the 700 L Mirai tank [36]. Furthermore, compressed hydrogen tanks
showed several issues during the refilling, losing up to 4 wt.% of the gas [37]. Finally, the
materials used for the production of compressed hydrogen tanks must meet the mechanical
requirements of avoiding embrittlement, cracks, and leaks and have a geometry and a
weight that does not compromise the performance of the vehicle.

4.2. Liquid Hydrogen

The storage of liquid hydrogen is a consolidated technology, and it is the key to
the existing industrial infrastructure network for delivery and storage. The technical
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requirement for maintain hydrogen in the liquid phase is a tank with a set temperature of
up to —253 °C—the boiling point of hydrogen [38]. Liquid hydrogen tanks are not designed
to withstand internal pressure but they must be properly insulated to reduce heat transfer
from the environment to the liquid [39]. Since liquid hydrogen tanks are not designed to
hold high pressure, hydrogen is generally allowed to escape through a relief valve that is
named “boil-off”. Large cryogenic hydrogen tanks are generally sphere-shaped and they
are built in order to minimize the proportion of insulation mass and volume with respect to
the volume of hydrogen being stored. Furthermore, liquid hydrogen tanks have very thick
walls to grant the appropriate insulation. This combination of technical issues increases
the cost of this technology up to 1 €/kg of stored hydrogen with an efficiency of up to
70% for large tanks [40]. Costs for liquid hydrogen tanks in the automotive sector are even
more elevated, reaching 386 €/kg for a 100 L internal volume reservoir [41], excluding
their use for any transport utilization, even if it is possible to merge fuel cell systems with
refrigerating systems that operate at a low, but not cryogenic, temperature as reported by
Song et al. [42].

4.3. Cold-Cryo Compressed Hydrogen

A solution lying between pressurized and liquid storage is cryo-compression; [43] it is
based on cryogenic temperatures in the range from —233 °C up to —193 °C in a pressure
range from 250 up to 300 bar. The storage cost related to this route remains particularly
high reaching over to 395 €/kg [44] but cryo-compression can retain the total hydrogen
content for over 7 days without any appreciable loss when tanks are filled over 85% of
maximum capacity [45].

4.4. Physisorbed Hydrogen

Neat hydrogen can also be stored by physisorbing it into several classes of materials.
Due to its properties, hydrogen’s interactions with adsorbing materials is mainly due to
Van der Waals forces as reported Brzhezinskaya et al. [46] through a calculation based
on the density functional theory. As reported by Pakhira et al. [47], the empirical aver-
age interaction energy between hydrogen molecules and porous organometallic is below
10 kJ/mol, while Zhao et al. [48] reported experimental values ranging from 3 to 5 k] /mol
for carbonaceous materials.

The first class of used materials is represented by carbonaceous ones such as carbon
nanotubes (CNTs) [49]. The mechanism of hydrogen sorption on carbon materials has
been widely investigated by proving that the hydrogen adsorbed is arranged on the carbon
surface monolayerly [50]. Accordingly, the hydrogen storage capacity depends only on
the specific surface area of the carbon, following the Chahine rule that limits to 1 wt.% of
adsorbed hydrogen for every 500 m? /g of specific surface area [51]. This rule is valid for
both organic and inorganic materials if the interaction between the surface of solids and
the hydrogen remains dominated by Van der Waals force.

Accordingly, CNTs show a maximum hydrogen uptake of up to 1.85 wt.% at —193 °C
under a hydrogen pressure of up to 35 bar [52] while ultra micropore activated carbon
could reach up to 2.94 wt.% at —193 °C at atmospheric pressure [53]. Interestingly, carbon
replicas produced by using zeolite as template could achieved a 7.3 wt.% of hydrogen
uptake at 20 bar and —193 °C. supporting this route as quite promising due to the wide
range of inorganic templates with tuneable pore size and distribution [54,55]. For the same
reason, inorganic scaffolds could also be a solid choice for the physisorption of hydrogen.
Hydrogen uptake by inorganic materials is ruled by pore size and a very large one is
required to achieve interestingly hydrogen adsorption, and this represent a problem. It was
reported a decrement of the isosteric heats of adsorption suggesting the saturation of strong
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adsorption sites. This behaviour is characteristic of materials with high pore volumes
because low pressure H; adsorption at —193 °C is more favourable in small pockets or
corrugated surfaces than in flat surfaces or edges [56]. Another alternative is represented by
metal-organic frameworks (MOFs) that work quite well at —193 °C and with considerably
inferior performances at room temperature under moderate pressure [57]. The mechanism
of hydrogen storage into the MOFs is the diffusivity of hydrogen in the MOF structure,
depending on the size of the crystals [58]. All physisorption techniques show a high cost
and together with the use of cryogenic temperatures, low efficiency due to high costs and
high energy consumption is implied.

4.5. Chemical Hydrogen Storage

Hydrogen can be bonded into stable species, achieving the so called chemically bonded
hydrogen storage. This approach is based both on inorganic, metalorganic, and organic
compounds. The first and simple route is represented by the hydrogen chemically bonded
into small molecules (i.e., ammonia or methane) but its release is not as easy in these
cases. Hydrogen production from methane cracking is quite expensive and requires
temperature higher than 500 °C. Furthermore, carbon is produced as a side product due to
the thermodynamic aspect of the process [59]. Methane steam reforming is an alternative
route for hydrogen production but it presents the same issue related to the high temperature
and pressure required, avoiding its spread outside refinery plants [60].

Alternatively to methane, ammonia is another possible chemical hydrogen storing
molecule but it is similar in its drawbacks for hydrogen release [61]; however, an alternative
and easy chemical hydrogen route is based on organic species such as ammino boranes.
Amino boranes, particularly ammonia borane, have been widely used both for releasing
hydrogen through hydrolytic and thermochemical routes [62] with a gravimetric hydrogen
storage capacity that reaches up to 19.6 wt.%. Nevertheless, the mechanism of hydrogen
release is quite complex, involving the production of several borazane and boron based
species [63] and representing a considerable drawback due to the high hydrogen purity
required for applications in fuel cells and their scarce regenerability [64-69]. Alternatively,
liquid organic hydrogen carriers are compounds, such as ethylcarbazole species [70], with
high regenerability and high GHS of up to 22.1 wt.% [71,72] but they need the use of
noble and scarce metals to release/incorporate hydrogen [73]; they are also quite risky
for human health [74]. Hydrogen is also combined with metal and stored into inorganic
hydrides (i.e., LiBH4 [75], MgH, [76]). These species can reach gravimetric densities ranging
from 14.9 wt.% up to 18.5 wt.% with a volumetric energy density that can reach up to
17.6 MJ /L [77]. Despite these interesting properties, inorganic hydrides are difficult to
regenerate and very sensitive to water. In fact, all the chemical hydrogen storing routes
are still quite expensive but they are the most promising for small scale applications in
mobility and daily life.

5. Crunching the Numbers of the Hydrogen Storage Issue in the
Pervasive Hydrogen Based Scenario

In our experience, hydrogen storage is not a monolithic field and, up to now, there
is not “one-size-fits-all” solution. Each technology (compressed gas, liquid hydrogen,
cryo-compressed, physisorption/adsorption, and chemical/solid-state storage) match in
terms of distinct trade-off among volumetric and gravimetric density, cost per stored kg,
thermal and mechanical efficiency (compression/insulation costs, energy losses), and long-
term reversibility required for different applications. Compressed hydrogen storage still
remains the most mature and widely deployed technology with a tank 700 bar able to
store up to 25-30 kg H, / m?3 [78] with a cost of 500-1000 $/ kg-H, stored. Nevertheless, its
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relatively low gravimetric and volumetric densities limit the use of long-range logistics
or stationary bulk storage. As far as we know, all big automotive producers have failed
until now to deploy a car fleet based on compressed hydrogen due to the risk and lack of
refuel infrastructure [79]. Similar consideration can be taken for liquid hydrogen storage
that shows a higher volumetric density of up to 70-80 kg H, /m? but a low gravimetric
density combined with the cryogenic conditions that are required are far from acceptable
beyond few industrial applications. We strongly disagree with the current approach for
estimating the cost of liquid hydrogen up to 200-270 $/kg Hj [80] because we found it to
be an enthusiastic approach on cost reduction on compression process and tank design.
The very same consideration can be taken for cryo-compressed hydrogen and it is far more
evident for physiosorption in which the gravimetric density is dropping down. We should
spend focus of this discussion on chemical hydrogen storage due to our involvement in
the very same research activity. Our experience has led us to consider this solution; in
particular, the use of amino borane species is both interesting and valuable but we recognize
that a lot of work still needs to be performed. We highlighted ammonia borane over other
materials due to the simple synthesis and good balance of properties [81-83] even if we
knew that a lot of work was required to tune the reactivity for hydrogen release under
thermal stimuli [67] and the regenerability [84]. Nevertheless, we found the use of ammonia
borne hydrolysis combined with wastewater sources for a single release of hydrogen very
intriguing, due to the possibility of it being used in emergency situations as a simple store
and release approach.

As reported in Table 1, we can report that no hydrogen storage approach currently
achieves simultaneously high gravimetric and volumetric energy density, low cost per
stored kg Hy, high round-trip or use efficiency, fast kinetics (for rapid fill/discharge), long
cycle life, and safety.

Table 1. Summary of main features of hydrogen storage technologies [78,85-95].

Gravimetric  Volumetric

Technology Density Density s /EO-SIEI ) Issues Reversibility
(wt.% kg Hy) (kg Ho/m®) g
. Excellent cycle life:

High energy >10,000 refill cycles;
content nimal

Compressed H, 4-5 20-30 500-1000 High amount of minmal
hvdroeen storace degradation of

yerog & the tank
Simple refilling High reversibility;
Liquid H, 6-7 ~70-80 200-270 High amount of embrittlement of
hydrogen storage the tanks
High energy Good reversibility
Cryo- 5 6 40-50 18 (ques- content but lack of

Compressed H; tionable) High amount of consolidated data

hydrogen storage
. Easily regenerable
Physiosorbed <3 wt% <20 >1000 Safety & Poor
H, y
High gravimetric
Chemically energy content Poor
bound 20 50-100 200-800 High volumetric

energy content

The intrinsic difficulty of hydrogen storage has slowed down the spread of a hydrogen

as an energetic vector even if it has been strongly incentivised by European Community



Energies 2025, 18, 6564

90f13

policies [96,97]. We believe that hydrogen will be consolidated for at least stationary power
and industrial uses while the transportation applications are still far from being breached.

In this context, we reached the conclusion that the strong nudge of policy makers
could represent the only real solution to push forward hydrogen use and hydrogen stor-
age consolidation. Rather than selecting a single dominant technology, we would like
for policymakers to aim to create an interoperable regulatory framework where storage
solutions can evolve according to sector-specific needs, economic performance, and techno-
logical progress.

6. Conclusions and Future Outlook

Hydrogen shows a promising combination of features as energetic vectors and it has
attracted great attention for its applications for decarbonizing mobility and the energy
grid. Nonetheless, real-world applications have not yet reached a groundbreaking event
due to the constraints of current storage technologies. High-pressure compressed tanks
are mature and widely deployed but suffer from low volumetric density, high cost, and
stringent safety requirements while liquid and cryo-compressed tanks are too risky and
costly; the other technologies are still ageing in the labs. This represents a great loss
considering that fuel cell technology is quite mature and only requires a hydrogen tank
that is ready to be used to be installed on our vehicle fleet. Our effort was driven by
the final goal to merge the expectations of policy makers and industry with technology,
promoting an actual change in our use of hydrogen on a daily base. The embracement
of diversified and application-tailored storage strategies can reshape our society starting
from automotive redesign, energy grid updates, and the decarbonization of plenty of high
energy demand sectors.

In conclusion, hydrogen storage technologies should be simple, safe, and easy to
integrate with energy conversion systems in order to contribute to the spread of hydrogen
use. Ultimately, hydrogen storage technologies have advanced significantly over the past
decade but a gap remains between laboratory-scale promise and real-world deployment.
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