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Abstract: The development of ecological and efficient vehicles powered by hydrogen or electricity is one of the priorities of the 
automotive industry at the moment. These new propulsion systems should come as a replacement for the internal combustion engines, which 
use gasoline or diesel fuel and therefore produce toxic emissions. One of the problems, that hydrogen powered vehicles face, is hydrogen 
storage and that is the main topic of our paper Conventional technologies for hydrogen storage, like high pressure and cryogenic reservoirs, 
have many drawbacks in terms of compactness, mass (weight), efficiency and safety. In order to get over these problems, there have been 
many researches throughout the years in effort to develop new, commercially available technologies. The most advanced storage 
technologies today, are tanks filled with metal hydrides which absorb hydrogen by forming chemical bonds with it, and tanks filled with 
large contact surface materials that are able to adsorb hydrogen. In this paper we will present the requirements that these solutions have to 
fulfill, their current level of development and the expectations for future improvement and usage. 
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1. Introduction 
The development of ecological and efficient vehicles powered 

by hydrogen or electricity is one of the priorities of the automotive 
industry at the moment. The idea of using hydrogen as a fuel 
originates from the 20-th century. It was based on the fact that there 
are no toxic components in the exhaust gases as a result of hydrogen 
combustion and it doesn’t rely on the usage of fossil fuels. If we 
take into account that hydrogen must be produced, because there is 
no free hydrogen in nature, we can conclude that hydrogen is not a 
power source, but a medium for power transfer.  

The development of a safe, reliable, compact and energy 
efficient technology for hydrogen storage is one of the main 
obstacles for using hydrogen as a propulsion medium in vehicles. In 
order to be competitive with the other vehicles available on the 
market, hydrogen storage reservoirs must provide a range of at least 
500 km, as small as possible mass and dimensions, high energy 
efficiency and the most important of all, safety for the passengers. 

2. Conventional storage technologies 
Nowadays, there are two prevalent and commercially available 

technologies for hydrogen storage: high pressure reservoirs and 
cryogenic reservoirs.  

2.1. High pressure reservoirs 

In high pressure reservoirs (Fig. 1), hydrogen is stored under 
extremely high pressure of approximately 700 bar. These tanks are 
widely available on the market today, but have a drawback in terms 
of their large mass and dimensions. They are also very inefficient, 
because a lot of energy is wasted on hydrogen compression.  

 
Fig. 1 Section view of a high pressure reservoir 

Because of the high pressure they are classified as unsafe. With 
the increased usage of composite materials, the modern reservoirs 
have smaller mass and dimensions, but the other problems 
mentioned remain unsolved. 

 

2.2. Cryogenic reservoirs 

Cryogenic reservoirs (Fig. 2) are filled with liquid state 
hydrogen and are able to store a greater quantity of hydrogen in a 
smaller volume. However, it requires a lot of energy to bring the 
hydrogen in a liquified state. Liquid hydrogen has a much greater 
specific energy than the hydrogen in high pressure reservoirs. The 
hydrogen must maintain a very low temperature, which means that 
these reservoirs must have great thermal isolation. 

In the last couple of years, hybrid hydrogen reservoirs were 
made. They allow hydrogen storage under high pressure and at very 
low temperatures. There reservoirs are more compact, but they also 
inherit some of the disadvantages of both previously described 
reservoirs. 

 
Fig. 2 Section view of a cryogenic reservoir 

3. Advanced storage technologies 
Because of the major disadvantages of the conventional storage 

technologies, in the last two decades, there were exhaustive 
researches, whose goal was development of new, energy efficient 
and commercially available technologies for hydrogen storage. The 
most advanced storage technologies today include: storage through 
absorption in materials (forming chemical bonds between the 
hydrogen and the material inside the reservoir) and storage through 
adsorption on the surface of materials (Fig. 3). 

3.1. Absorption in materials 

 
Fig. 3 Mechanism of absorption and adsorption 
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3.1.1. Metal hydrides 

Metal hydrides are compounds formed when a metal element is 
connected with an atom or molecule of hydrogen. Usually the bond 
between the elements is covalent, but some hydrides are formed 
with ionic bonds. Metal hydrides appear in solid state at atmospheric 
pressure and room temperature. The different types of hydrides, 
those of biggest interest for hydrogen storage and their structure are 
mentioned in Table 1. 

Table 1: Types of metal hydrides and their structure 
No. Typ Base Hydrid Structure 

1 AB TiFe TiFeH2 Cubic 

2 AB3 CeNi3 CeNi3H4 Hexagonal 

3 AB5 LaNi5 LaNi5H6 Hexagonal 

4 AB5 TiMn2 TiMn2H5 Hexagonal or cubic 

5 A2B MgNi Mg2NiH4 Cubic 

6 A2B7 Y2Ni7 Y2Ni7H3 Hexagonal 

Metal hydrides consist of two different metals. The first one is 
usually some rare element or alkaline metal, which has the property 
to bond with the hydrogen and form a stable compound. The other is 
a so called transitional metal which has the property to form 
unstable compounds with hydrogen and acts as a catalyst during the 
phases of hydrogen storage and release. 

Metal hydrides which are able to absorb and release hydrogen 
under conditions such as room temperature and atmospheric 
pressure, and are able to achieve high values for volumetric and 
gravimetric density of absorbed hydrogen, can be used as materials 
in hydrogen storage reservoirs. However, hydrides which are able to 
absorb hydrogen under atmospheric conditions, are usually 
composed of transitional metals and have a low gravimetric density. 
Such an example is LiNi5H6, which has a gravimetric density of 
only 1,15 %wt. An opposite example is TiCr2H6, which has a 
gravimetric density of 2.43 %wt, but needs high temperature to 
release the stored hydrogen. Recent studies deal with simpler 
hydrides which are formed from light metals and are easier to 
produce, such as MgH2. 

The formation of metal hydrides is an exothermal reaction, 
which means that during the storage phase a certain amount of heat 
is released. The same amount of heat must be brought back in the 
system in order for hydrogen to be released. However, if we find a 
way to absorb the energy released during the formation phase, the 
same energy can be used later in the release phase. Another way is 
to use the waste heat from the fuel cell or the ICE. 

2M + H2 = 2MH2 +ΔH 

Where the designations mean the following: M-metal or alloy; 
MH2 – metal hydride; ΔH - released heat during the absorption 
phase. The reaction is reversible and can be used for both hydrogen 
absorption and release, depending on pressure and temperature. 

3.1.2. Complex hydrides 

Complex hydrides are inorganic materials that are best described 
as salts, which are built from complex anions containing hydrogen 
as terminal ligand, such as the BH4– (tetrahydroborate or 
borohydride) or AlH4–(alanate) anions and counteractions from 
many different groups in the periodic table. Most of the attention 
drawn by complex hydrides in the recent past is owed to their large 
gravimetric hydrogen capacity, i.e. nominal hydrogen-content per 
weight unit, which makes them competitive candidates for solid 
state on-board hydrogen storage. This was first suggested in 2001 
for LiBH4. In such materials the hydrogen molecule can be 
eliminated either by hydrolysis or electrolysis at elevated 
temperatures. 

Although their production was more difficult because of the 
complicated structure, researchers thought that complex hydrides 
would be the next phase in the development of hydrogen storage 

technologies. However, a problem arose with the slow dynamics of 
the process of hydrogen release. The process was consisted of a 
couple of phases for which different conditions were needed. There 
was a big difference between the theoretical capacity of the 
reservoirs and the practically achieved capacity. Another problem 
was the low reliability and the short life span of these reservoirs.  

3.2. Adsorption on the surface 

Adsorption of hydrogen is based on Van der-Waals interactions 
between gases and solids (Fig. 4). These interactions are attractive, 
intermolecular forces which allow hydrogen to bond with solids. 
Van der-Waals forces originate from charge distribution in atoms 
and molecules when they get close to each other. Atoms and 
molecules are attracted by electrostatic forces.  

 
Fig. 4 Van der Vaals forces scheme 

The balance between attractive and repulsive forces between 
two molecules causes an energetic minimum of 1-10 kJ/mol and the 
average energy of adsorbed hydrogen on a carbon surface is 4-5 
kJ/mol. This low energy level means a weak bond. That is why 
hydrogen is released as temperature increases and in high 
temperature conditions the level of adsorbed hydrogen is very low.  

Usually only a single layer of hydrogen is adsorbed on one 
surface. The maximum amount of adsorbed hydrogen on the surface 
of a material can be represented as the maximum amount of 
hydrogen that can be placed in a single layer. In ideal conditions, 
the minimal surface area needed to adsorb one mol of hydrogen is 
85.917 (m2/mol). A single layer of graphite has surface area of 
1315 (m2/g) so the maximum amount of hydrogen it can adsorb is 
3% wt. Larger quantity of hydrogen can only be adsorbed in low 
temperature conditions.  

3.2.1. Carbon nanotubes as hydrogen storage materials 

Porous carbon is considered to be good adsorbent, due to its 
large contact surface. Adsorption capabilities of normal porous 
carbon are proportional to its contact surface and pore volume, but 
it can achieve good gravimetric density (4-6 %wt) only at extremely 
low temperatures.  

Unlike porous carbon, carbon nanotubes have a smaller contact 
surface and pore volume, but they show remarkably good hydrogen 
adsorption. At high pressure (10MPa) hydrogen atoms form a 
dense, compact structure. Using mathematical models, it is shown 
that at high pressure, a single layer of graphite can adsorb up to 
4.1% wt of hydrogen. Single-walled nanotubes (SWNT) can adsorb 
up to 4% wt of hydrogen (Fig. 5). 

 
Fig. 5 Single and multi walled carbon nanotubes 
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Multi-walled nanotubes (MWNT) are nested, concentric, 
cylindrical layers of graphite with hollow centre and they show 
great capability for hydrogen adsorption. Catalysts are used to 
increase the amount of adsorbed hydrogen. Researches show that 
MWNT activated with KOH (potassium hydroxide) can adsorb up 
to 4,7% wt hydrogen, whereas ordinary MWNT can adsorb only 
0,7% wt. 

4. Energy efficiency comparison 
In order to obtain a reasonable estimation of the energy required 

for hydrogen storage with the three different technologies, we must 
calculate the energy required for compression, cooling and heating. 
We must also take into account the efficiency of the generator and 
compressor, and the efficiency of the cooling cycle. 

To calculate the energy required to store hydrogen in a high-
pressure reservoir one may use the adiabatic compression equation 
Compressing hydrogen to 680 bar requires 29 MJ/kg. If we add the 
efficiency of the compressor and generator, assuming that their 
combined efficiency is 60%, we obtain that compressing hydrogen 
to 680 bar requires 47 MJ/kg. These correspond to 30 and 40% of 
the low heat value (LHV) of hydrogen. Storing hydrogen as a 
compressed gas is quite energy intensive.  

To store hydrogen as a liquid, the energy required to cool 
hydrogen to the liquid state is critical. Theoretical heat to cool 
hydrogen from 25 oC to 20 K and condense it to liquid is about 3.4 
MJ/kg (2.94 sensible and 0.45 condensation). But the actual required 
energy is much higher due to the inefficiency of refrigeration at 
extremely low temperature. The minimum required energy may be 
calculated using an ideal refrigeration cycle, the reversed Carnot 
cycle. The efficiency of this cycle depends on the temperatures at 
which heat is added and rejected, and is equal to T1/(T2-T1), where 
T1=evaporator temperature=20 K, T2=condensing temperature=298 
K. Therefore the efficiency in our case is 20/(298-20)=7.2%. To 
generate 3.4 MJ to liquefy 1 kg of hydrogen will require 47 MJ 
(3.4/0.072=47). This is 39.2% of the LHV. The actual required 
energy can be significantly more because the refrigeration cycle will 
be less than ideal. Heat will also be required to evaporate the liquid 
and warm up the gas before feeding it to the energy conversion 
device such as a fuel cell. This may require an additional of 3.4 
MJ/kg. This makes the total required energy to store hydrogen as a 
liquid to be 50.4 MJ/kg. This is 42% of the low heat value of 
hydrogen. Liquid hydrogen storage is as energy intensive as the 
compressed hydrogen storage. 

Using metal hydride as hydrogen storage requires an absorption 
step and a desorption step. A typical absorption step requires a 
supply of 20 bar hydrogen and the removal of about 14.6 MJ/kg heat 
of absorption. The energy needed to compress hydrogen to 20 bar is 
about 12 MJ/kg (10% of LHV). The heat of absorption is removed 
by coolant at temperatures of about 10 oC. The energy required for 
cooling will be obtained from the adiabatic compression equation 
and is 14.6/5=3 MJ/kg. That is 3/120=2.5% of the LHV. Similar 
amount of heat would be needed to desorb the hydrogen, but this 
can be provided by the waste heat of the energy conversion device 
(fuel cell or internal combustion engine) and is practically free. The 
total energy required to operate a metal hydride storage system is 
therefore about 15 MJ/kg, or about 12.5% of LHV. This is the 
lowest operating energy compared to those of compressed hydrogen 
and liquid hydrogen. Therefore, metal hydride for hydrogen storage 
has the advantage of low operating energy, moderate pressure and 
temperature, and high volumetric density. 

The analysis preformed shows that storing hydrogen in metal-
hydride reservoirs improves the energy efficiency 1.45 times in 
relation to high-pressure reservoirs and 1.5 times in relation to 
cryogenic reservoirs. 

5. Current situation 
The properties of modern metal hydrides such as efficiency, 

volumetric and gravimetric density and the pressure and 

temperature at which hydrogen is stored, can be obtained from table 
6.1. The newest materials, which are currently tested, are MgH2, 
LiNi5H6 and LiAlH4. Metal hydride tanks are commercially 
available but they are not used in vehicles. The most advanced tanks 
that are used in commercial vehicles are composite tanks made of 
carbon fibre, where hydrogen is stored under high pressure.  

Researchers in Germany in 2015 have created a 3D model 
which shows the optimal structure that nanotubes should form. This 
is a mathematical model and theoretically, a tank with this structure 
should adsorb 5.5%wt hydrogen at room temperature. Nanotubes 
are placed parallel to each other and they don’t intersect, but they 
have a large contact surface. This structure allows great storage 
capabilities. An ideal structure like this is nearly impossible to 
achieve with the current technology and that is the reason why no 
carbon nanotube tanks have been made yet.  

Table 6.1. Properties of different metal-hydrides 
Typ Base Temp. 

(K) 
Pressure 

(bar) 
Wt 
(%) 

Density 
(g/cm3) 

Price 
($/kg) 

АB TiFe 265 4.1 1.86 6.5 4.68 

АB2 TiCr2 182 18.2 2.43 6 8.64 

АB2 TiMn2 252 8.4 1.86 6.4 5 

АB5 MmNi5 217 23 1.46 8.6 7.94 

АB5 LaNi5 285 1.8 1.49 8.3 9.87 

Table 6.2. Properties of different carbon nanotubes 
Material Wt (%) Temperature (К) Pressure (bar) 

SWNT (low 
purity) 

3.5-4.5 298 0.4 

SWNT (high 
purity) 

5-10 273 0.4 

Li-MWNT 20 473 0.1 
K-MWNT 14 300 0.1 

GNFs 5 300 10.1 
Nano-graphite 7.4 300 1 

6. Conclusion 
The research carried out in this paper presents a series of 

findings that are connected with the possibilities for more intensive 
application of hydrogen powered vehicles. Hydrogen storage is one 
of the basic problems for its commercialisation as a fuel for 
vehicles. Conventional storage technologies have limited 
application due to their safety and performance deficiencies. Metal 
hydrides and carbon nanotubes are imposed as alternative 
technologies with the ability to overcome these problems.  

During the last two decades, a number of research and 
experiments have been carried out, which have enabled the 
improvement of the properties of metal hydrides. With further 
improvement in terms of reliability and cost of production, it is 
possible to use them commercially in the near future. Carbon 
nanotubes show even greater potential for hydrogen storage. The 
research that is ongoing in this direction is still theoretical due to the 
technological limitations associated with the possibilities of 
achieving precise nanostructure. 
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