ISSN 2959-6157

Hydrogen Storage Systems for Renewable
Energy: Technologies, Challenges, and

Future Prospects

Yuchen Che

Abstract:

This article examines various hydrogen storage systems to
optimize the use of hydrogen as a solution for balancing
inconsistent renewable energy supplies. Emphasizing
hydrogen storage capacity, the paper discusses methods
including compressed gas, liquid, underground, and metal
hydrides storage, alongside innovative chemical forms.
Technologies for hydrogen production from renewable
sources such as photovoltaic solar energy and wind, as well
as from biomass, are explored, highlighting the efficiency
of water electrolysis and the challenges of intermittency.
The study critically analyzes each storage technology’s
energy conversion efficiency, capacity, and sustainability,
providing a comparative insight that underscores the
imperative for further research in enhancing the efficiency
and reducing the operational costs of these technologies. As
the demand for renewable energy continues to grow, this
paper underscores the crucial role of advanced hydrogen
storage solutions in achieving a reliable and sustainable
energy future.
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on the geographical conditions, these resources aren’t

1 Introduction

Overusing non-renewable energy leads to negative
climate change and other global environmental
crises, which emphasizes the importance of using
renewable energy. To solve the environmental prob-
lems regarding pollution and global warming caused
by the heavy reliance on fossil fuels, a crucial solu-
tion is to promote the using of renewable energies,
such as solar and wind power. However, depending

always produced consistently, and some areas have
no resources to access. Therefore, it is more import-
ant than ever to find ways to efficiently store and
transport renewable energy.

One promising avenue is the conversion of renew-
able energy into hydrogen, because hydrogen energy
allows for transferring energy across distance and
time, providing a stable energy supply. This article
are going to compare various hydrogen storage sys-



tems, with particular focusing on the hydrogen storage
capacity. To optimize the usage of hydrogen as a solution
of balancing inconsistent renewable energy supply, con-
verting efficiency, storage capacity and duration need to
be focused on in further study, ensuring a reliable and sus-
tainable energy future.

2 Hydrogen production technologies

2.1 Water electrolysis

Water electrolysis is a process that splits water (H20)
into hydrogen (H:) and oxygen (O:) using electricity.
The main raw materials for water electrolysis include wa-
ter, electrolytes, and electrodes. Water can be pure water
(H20) or a solution of water that has an electrolyte like
potassium hydroxide (KOH) or sulfuric acid (H,SO,). An
electrolyte (like potassium hydroxide KOH or sulfuric
acid H2S04) is generally added to the water to enhance
its conductivity. Classical materials, like platinum, titani-
um, or niobium, are typically incorporated in some type of
anode or cathode because they are known for their ability
to resist corrosion, which is paramount for electrodes.

The principle of water electrolysis is the use of direct cur-
rent (DC) to disturb the water molecules (H,O), leading
to the production of hydrogen molecules (H,) and oxygen
molecules (O,). According to Faraday’s law of electroly-
sis, water molecules undergo oxidation and reduction re-
actions at the electrodes, producing oxygen and hydrogen
gases, respectively.

At the anode (positive electrode), water molecules lose
electrons and are oxidized to form oxygen and hydrogen
ions (H"). The reaction is as follows:

2H,0(1)>0,(g)+4H" +4e”
At the cathode (negative electrode): Hydrogen ions gain

electrons and are reduced to form hydrogen gas. The reac-
tion is as follows:

4H" +4e* > 2H,(9)

2.2 Water electrolysis by photovoltaic solar en-
ergy

Water electrolysis based on photovoltaic (PV) solar ener-
gy is an innovative and clean way to produce hydrogen.
This system uses solar panels to convert sunlight into
electricity, which in turn powers an electrolyzer that splits
the water molecules into hydrogen and oxygen:

2H,0 > 2H,+0,
The PV panels capture the sunlight and convert it to DC

electricity directly, which is more convenient to use for
electrolysis (Chi & Yu, 2018). Hydrogen produced from
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combining the electricity and the water is supplied to the
electrolyzer, which facilitates their separation of hydro-
gen molecules and oxygen molecules and finally yields
high-purity hydrogen suitable for various applications,
such as fuel cells, industrial processes, and energy storage
systems.

This approach is a combination of two mature technolo-
gies—solar photovoltaics (PV) and water electrolysis—
in which hydrogen production without fossil fuels is
achieved. Therefore, it has a massive and very important
function in the shift to green energy systems. Moreover,
while this option has high potential, barriers still lie ahead
to produce PV panels on a large-scale and at a low-cost to
drive profitability of such new developments. Technologi-
cal progress and advancements in these areas are directed
toward the development of high-efficiency PV materials,
as well as into the analysis of the advanced catalysts ap-
plied in electrolyzer to lower either the operational costs
or the energy consumed (Haider et al., 2021; Benghnia et
al., 2017).

2.3 Water electrolysis by wind energy

Water electrolysis using wind energy is an innovative and
sustainable approach to producing hydrogen, utilizing
the abundant and renewable nature of wind power. In this
method, wind turbines capture kinetic energy from the
wind and convert it into electricity. This electricity, typi-
cally in alternating current (AC), is then converted into di-
rect current (DC) using a rectifier, as electrolyzers operate
more efficiently with DC power (Nasser et al., 2022).

The DC electricity powers the electrolyzer, which splits
water molecules into hydrogen and oxygen through an
electrochemical reaction. The hydrogen produced is either
stored for future use, or it is consumed on the spot as a
clean energy source. Wind intermittency poses a major
challenge even though hydrogen production has huge
potential, which makes its generation not consistent. To
compensate for that, effective storage systems and cut-
ting-edge technologies that control the supply, like hybrid
systems that integrate solar, wind, and battery storage,
are being deployed to make the supply stable and reliable
(Nasser et al., 2022).

Future advancements are focused on optimizing the effi-
ciency of electrolyzers,

2.4 Hydrogen production from biomass

Hydrogen production from biomass is an emerging tech-
nology that converts organic materials such as agricultural
residues and forestry waste into hydrogen through thermo-
chemical processes like gasification and pyrolysis (Pal et
al., 2021; Taipabu et al., 2022). First, in gasification, bio-
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mass is heated in a low-oxygen environment at controlled
temperatures. It produces a gas mixture of hydrogen, car-
bon monoxide, and other constituents. Next, in pyrolysis,
biomass undergoes thermal decomposition in the absence
of oxygen. This results in the formation of gases, bio-oil,
and charcoal. These gases are then processed further to
extract and purify hydrogen.

Despite its potential for sustainability, this method faces
challenges such as tar formation, high energy require-
ments, and the need for efficient catalysts to enhance

conversion rates and reduce operational costs (Pal et al.,
2021). Current research aims to overcome these obstacles
by enhancing the performance of the catalyst and afford-
ing carbon capture technologies. This makes the process
efficient and economically viable so that biomass-based
hydrogen will become a facility for the future of sustain-
able energy (Taipabu et al., 2022).

3 Technologies of hydrogen storage

Figure 1

3.1 Compressed Gas Storage

Compressed gas storage involves storing hydrogen at
high pressures, typically between 350 and 700 bar, in re-
inforced tanks to reduce its volume and enhance storage
efficiency. This technology is relatively mature and com-
monly used for fuel cell vehicles and stationary storage
systems due to its simplicity and reliability (Elberry et al.,
2021). However, compression is exhaustive energy, and
10-15% of the hydrogen of this content is considerably
responsible for the overall efficiency concern (Hassan
et al., 2023). Current research areas include improve-
ments of tank materials by carbon composites to decrease
weight, enhance safety, and make them more cost-effec-
tive. Beyond the positives, fuel cells also have their own
challenges, for instance, safety envisaged for storage and
energy-efficient compression systems to scale for a wider
application (Elberry et al., 2021; Hassan et al., 2023).

3.2 Liquid Hydrogen Storage

Liquid hydrogen storage involves cooling hydrogen to
cryogenic temperatures below -253°C to liquefy it, in-
creasing its volumetric energy density. This method is ad-
vantageous for applications requiring high energy density,
such as aerospace and large-scale transport (Olabi et al.,
2021). However, the liquefaction process is energy-in-
tensive, consuming 30-40% of the hydrogen’s energy

content, and requires advanced insulation technology to
minimize boil-off losses during storage and transporta-
tion (Hassan et al., 2023). Studies are being carried out to
come up with cryogenic storage materials that can be used
for efficiency purposes and means through which these
losses can be reduced and the practicality of this storage
method enhanced. Liquid hydrogen has potential, but it is
not considered economically viable since maintenance at
high temperatures is costly (Olabi et al. 2021).

3.3 Underground Hydrogen Storage

Underground Hydrogen storage (UHS) employs geo-
logical formations such as salt caverns, reservoirs, or
depleted natural gas fields to conserve hydrogen in high
volumes and at pressure. This method is perfect for stor-
ing long-lasting and large-scale volumes and has proved
successful in places with appropriate geological settings
(Hassan et al., 2023; Elberry et al., 2021). Because salt
caverns are non-permeable and strong, they frequent-
ly contour out as they minimize leaking risks and give
structural integrity. However, variations in geological
conditions and the high degree of site assessment should
be considered when discussing this method of widespread
application. This future research will have a focus point,
which is the development of monitoring technologies and
safety systems that regulate the efficiency and reliability



of the storage in a variety of geological conditions (Hassan
etal., 2023).

3.4 Metal Hydrides

Metal hydrides are hydrogen storage materials due to the
formation of a chemical bond between hydrogen atoms
and metals such as sodium alanate or magnesium, result-
ing in a solid storage medium. The method does not only
have a high volumetric hydrogen density, but the fact that
hydrogen is stored in a stable way at low pressure also is
a safety advantage. However, the troublesome part is the
significant temperature required for release of hydrogen,
which is a hindrance to efficiency. Research in this area is
directed towards alloy development and nanostructured
hydrides designed for H, release at lower temperatures,
leading to better testing of their scope and usage in mobile
and stationary storage systems (Olabi et al. 2021; Nagar et
al. 2023).

3.5 Hydrogen Storage in Chemical Form

Storing hydrogen in chemical carriers, such as liquid or-
ganic hydrogen carriers (LOHCs) or ammonia, involves
bonding hydrogen with other chemical compounds, mak-
ing it possible to store and transport hydrogen efficiently
at ambient conditions.

This approach is easier as the infrastructure for low-pres-
sure or cryogenic system is very much less (Nagar et al.
2023). On the other hand, the LOHCs create a very unique
storage mechanism that allows for reversible catalytic
reactions to be used for hydrogen absorption and release,
thus proving to be flexible for transport and storage.
The main challenge lies in the development of efficient
catalysts and reaction systems to ensure rapid hydrogen
release with minimal energy input. By way of hydrogen
technology development, the research to improve the cat-
alysts and to grow the scale of production for industrial
applications will lead to an enhancement of hydrogen use
as a cornerstone of clean energy technology (Hassan et al.
2023; Nagar et al. 2023).

4 Discussion

4.1 Comparison of hydrogen storage technolo-
gies

The variation in energy conversion efficiency, capacity
and duration of hydrogen storage becomes an important
characteristic in selecting the hydrogen storage tech-
nology. Each hydrogen storage technology has its own
advantages and disadvantages. Compressed gas storage
is advantageous for its simple production process and
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low expense. However, it has drawbacks regarding low
energy density, high energy-costly pressing process, and
high-pressure requirement for long-term storage. There-
fore, it is only suitable for providing relatively short-term
storage. In comparison, hydrogen storage in the liquid
form has a higher energy density, but the liquefaction
takes off about 30-40% of the energy from hydrogen, so
the energy conversion efficiency becomes very low. Liq-
uid hydrogen can be stored for a long time, but it needs
to be kept at as low a temperature as possible to avoid
boiling and evaporating, thus resulting in extra operating
costs.

Metal hydrides are notable for their ability to absorb
hydrogen at relatively low pressures and temperatures.
They provide great stability and safety and achieve very
high energy density. Nevertheless, thermal stability and
slow hydrogen release are the biggest obstacles to the
implementation of this technology. For example, magne-
sium-based hydrides might increase storage volume, but
it still has a low hydrogen release rate, making it unpro-
ductive and challenging to put this technology into prac-
tical use. Among the several hydrogen storage methods,
chemical storage is a good choice because it can provide
high energy density and good storage characteristics. In
contrast to either gas compression or liquid hydrogen,
which is associated with issues of pressure and very low
temperatures for storage, chemical hydrogen storage uses
substances such as metal hydrides and liquid organic hy-
drogen carriers (LOHC) to release hydrogen when need-
ed. This approach offers significant advantages in terms
of storage capacity and thermal stability, reducing heat
losses that are so common in conventional storage meth-
ods. For example, metal hydrides can store larger volumes
of hydrogen than gas storage, which makes them ideal
for portable use. However, the technology is quite chal-
lenging when it releases hydrogen, as it usually uses high
temperature or catalysts to decompose hydrogen, which
reduces the overall energy conversion efficiency. In addi-
tion, underground hydrogen storage is characterized by its
ability to provide a large volume for storing hydrogen for
long periods without other methods such as compressed
gas and liquid hydrogen having problems.

4.2 Future Development Trends

To enhance hydrogen storage capacity and stability, sever-
al approaches are being researched.

4.2.1 Advanced Metal Hydrides

The undertaken investigations on AMHSs have concentrat-
ed on two crucial themes: the enhancement of sluggish
absorption/desorption kinetics of hydrogen as well as the
reduction of operating temperatures. Scholars have made
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a great deal of headway in introducing catalytic doping,
alloying, and nanoconfinement processing. For instance,
by implementing transition metal catalysts such as Ni and
Fe, the activation energy can often be lowered, increasing
the rate of hydrogen release at lower temperatures (Klopci¢
et al., 2023). Additionally, the alloying of hydrides such
as MgH. with light elements (Li, Al) exhibited the desir-
able properties of stabilizing the materials and enhancing
the gravimetric capacity of hydrogen storage (Hassan et
al., 2023). Nanoconfinement within carbon matrices also
covers agglomeration of the hydride particles during the
cycling, which avoids the degradation of the storage effi-
ciency after successive cycles (Nagar et al., 2023). These
developments would gradually result into more econom-
ical, effective, and appropriate hydrogen regulations that
will be able to be used not only on stationary plants but
also on mobile setups.

4.2.2 Metal-Organic Frameworks (MOFs)

Recent work in the areas of MOFs seeks to improve the
hydrogen storage capacity and addresses the storage
density reduction and low temperature adsorption as
main issues. Studies have shown MOFs with switchable
pore sizes triggering the process of change in the open
framework during the absorption of hydrogen processors
resulting in enhanced capacity (Park et al., 2023). These
features make MOFs capable of responding to a broad set
of pressure and temperature variations, resulting in the
improvement of their hydrogen adsorption performances
within the ambient atmosphere. Additionally, it has been
established that open metal sites and nanoconfined cata-
lysts integrated into MOFs significantly enhance the hy-
drogen adsorption and interaction rates even at the lowest
pressures of just 20 atm (Li et al., 2024). Consequently,
computational simulation and screening tools with high
throughput revolutionized these processes and the rapid
identification and characterization of the MOFs with ap-
propriate pore geometry and/or inherent functions, which
enhanced the aforementioned storage efficiency, became a
reality.

4.2.3 Chemical Hydrides and LOHCs

Chemical Hydrides and Liquid to Organic Hydrogen Stan-
dards (LOHCs) are novel hydrogen storage technologies.
The latest published discoveries aim to meet these prob-
lems, like decreasing dehydrogenation temperature and
the pace of hydrogen. Catalytically optimizing ammonia
and methanol, as well as other chemical hydrides, signifi-
cantly increases the hydrogen generation rate under com-
paratively mild temperatures, thus resulting in even higher
storage capacity (Tsogt et al., 2024). A new approach for
the catalytic systems was developed to release hydrogen
from LOHC at lower temperature. Through this modifica-

tion, we finally reached larger overall energy conversion
efficiency (Marnate & Gronkvist, 2024). The most import-
ant is the optimization of the termodynamic dehydrogena-
tion conditions, in order to enhance the hydrogen storage
in LOHCs. These efforts are aimed at reducing cost and
improving the thermochemical stability of LOHCs.

5 Conclusion

Renewable energy sources, through the process of water
electrolysis, are a must-need in hydrogen production, and
such sources include solar and wind. While both PV and
wind electricity through electrolysis are clean and efficient
routes, they confront problems pertaining to intermittency
and scalability. Ongoing research explores the possibilities
of improving the efficiency of these systems through op-
timizing catalysts and hybrid integration with renewable
sources.

Looking ahead, hydrogen generation from organic content
and biofuel materials has great potential, especially for
agricultural leftovers and forestry debris. Still, this comes
with problems such as tar production, energy-intensive
processes, and the demand for efficient catalysts that are
yet to be resolved. Overcoming these challenges could
eventually make the biomass-based hydrogen a contender
for a long-term solution.

In the hydrogen storage methods, different technologies
exist, including but not limited to compressed gas storage,
hydrogen liquid storage, and underground hydrogen stor-
age. Each of them has its advantages and disadvantages.
Hydraulic gas storage, though mature, is still plagued by
the low energy density of the compressed gas and hence
the high-overall operational costs resulting from the need
for compression. Liquefied Hydrogen (LH2) has the high-
est energy density but suffers from the inefficiency of its
liquefaction process due to its energy-intensive cryogenic
needs. Underground hydrogen storage may have the long-
term potential and large-scale solutions, yet they rely on
the geographical constraints. Metal hydrides and chemical
storage systems, which include liquid organic hydrogen
carriers (LOHCs) hydrogen url exchangers hydrogen ex-
changing liquid impurities removers, hydrogen carriers,
and hydrogen carriers impurity removers look promis-
ing and advanced technologies for storage systems. The
appeal of metal hydrides on the surface is that they are
stable and non-toxic. However, they experience the draw-
back of needing high temperatures for hydrogen release.
The LOHC, unlike hydrogen, is embedded with versatility
and mobility in storage and transport but may not function
well unless proper catalysts are in place to lift the energy
conversion to a practical level. The main challenge lies in
improving these catalysts and finding advanced materials



for the future development of applications in this field.

In summary, the hydrogenization of the global energy
system is achieved primarily through a multipronged
strategy. This next phase of research should address the
technical, economic, and environmental issues associated
with hydrogen production and storage by optimizing their
efficiency, decreasing their costs, and increasing their
sustainability levels. Comprehensive development of hy-
drogen will be the golden factor in the panacea of clean
energy solutions across the globe.
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