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Abstract
Hydrogen economy has been suggested as a possible green alternative to produce energy, also in the framework of transport 
applications. According to the specific transport means, different kinds of materials can be adopted. The choice of the most 
suitable materials should then be addressed according to a systematic analysis of available data. In this paper, together with 
the major physical storage technologies typically used for aerospace applications, additional possible candidates are sug-
gested, namely clathrates hydrates and metal-organic frameworks (MOFs). They are chosen according to the specific features 
that are asked in the aerospace industry, such as high storage capacities, low weight and materials cost, high cyclability and 
full reversibility. To this scope, a comprehensive database based on a large set of information from literature (containing, for 
example, details on the synthesis processes, the operating temperatures and pressures, volumetric and gravimetric capaci-
ties) has been created, and specific tools have been developed to query the database. Indeed, the selection of the materials 
has been performed via an alternative database approach where the queries can be managed using a user-friendly tool, and 
potential materials can be selected based on any pool of desirable properties in quantitative terms. Essential information and 
characterization on theoretical and experimental data about these performing materials are provided and commented. As an 
example, in this paper, the case of clathrates hydrates is shown, and their potential impact is explored and characterized in 
this context, suggesting the most suitable synthesis processes.

Keywords Hydrogen storage · Porous materials · Transport · Aerospace · Database

1 Introduction

Safety and sustainability in generating, transporting, and 
using energy are nowadays an increasing urge both for envi-
ronmental and social reasons. Hydrogen storage technolo-
gies represent an important route in solving these problems. 
Having one of the highest energy content per unit weight 
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of any fuel (120 MJ/kg), hydrogen has found application as 
rocket fuel and in fuel cells to produce electricity on some 
spacecrafts. Together with the large energy content, hydro-
gen storage technologies exhibit also the possibility for a 
very long discharge time. Nevertheless, hydrogen storage 
technologies pose further challenges to the design of an on-
board reservoir of the vehicle that is both reliable, light, 
small, affordable and rechargeable in a short time. At the 
moment none of the technologies fulfills simultaneously all 
these requirements. In particular, moving to satellite appli-
cations, the specifications become more severe: addition-
ally to the previously listed features, the reservoir should 
be long lasting ( ∼ 10 years), thus restricting even more the 
possible candidates among the plethora of materials usually 
suggested in the hydrogen storage community.

Two main approaches for hydrogen storage are known: 
a physical-based approach and a material-based approach. 
Within the first approach hydrogen is stored in its molecu-
lar form as compressed hydrogen, liquid hydrogen or cryo-
compressed hydrogen. Within the second approach hydro-
gen can be stored in materials either in its molecular form 
(physisorbed) or in its atomic form (chemisorbed). The 
first case (physisorption) is present in the sorption process 
within the porous materials (carbon nanostructures, metal 
organic frameworks, clathrates, etc). The interaction with 
the hydrogen gas in these materials is usually rather weak, 
allowing the storage of hydrogen without creating too strong 
bonds with the skeleton of the materials itself. Among these 
compounds there are microporous materials which are char-
acterized by particular cage structures that make them as 
“sponges” able to store gases and, in particular, hydrogen. 
The second case (chemisorption) is present in the atomic 
hydrogen storage within metal hydrides, interstitial metallic 
or complex hydrides.

In the present work an alternative approach to select 
materials, based on developing a database and an applica-
tion tool to query it, is suggested: an extensive collection of 
the most reliable data on candidate technologies and mate-
rials under various condition of pressure and temperatures, 
together with promoters, has been performed. The materials 
are eventually selected using proprietary tools in Python. 
In particular, the case of clathrate hydrates is reported as an 
example. This application allows to provide recommenda-
tions based on a vast variety of updated information and 
adopting a uniform methodology. The present work has thus 
a twofold aim: on one hand, we describe the approach for the 
query of databases to select materials for hydrogen storage; 
on the other hand, this methodology is applied to differ-
ent kinds of materials, whereby it emerges that nanoporous 
materials can be suggested as good candidates in aerospace 
technologies for hydrogen storage. Specifically, the example 
of clathrates hydrates is reported here.

The paper is organized as follows: in Sect. 2 the method 
adopted for creating the database is presented, together with 
the collected data types, and the procedure implemented in 
the Python scripts to select the most suitable materials are 
described. As an example, the case of clathrates hydrates 
is reported: in Sect. 3.1 these compounds are described, 
and experimental and numerical performance data are pro-
vided. In Sect. 4 the relevant features are discussed in the 
framework of transport in aerospace applications and the 
major pro et contra are emphasized to justify the parameters 
adopted in the database query. They are also compared with 
the characteristics of physical storage of hydrogen, that are 
summarized in Appendix A.

2  Methodology and data analysis

A large amount of data materials characteristics for hydro-
gen storage are available in literature, resulting both from 
experimental measures and numerical simulations. To select 
the most performant materials for a specific application it 
is necessary to have a large database and a friendly tool to 
enquire it. Moreover, some assumptions are required in the 
case of multiple entries associated with a specific quantity 
of the database. Indeed, it can happen that measurements 
performed under different conditions or adopting different 
methods can lead to discrepancies in the results; the same 
holds for simulations. In this work, the first phase consisted 
in creating a database, after collecting a vast ensemble of 
information in the scientific literature. According to the 
material, the collected data is diverse, the relevant informa-
tion being the material name, the operating temperatures 
(e.g., equilibrium, absorption, desorption, rehydration) and 
the pressures (absorption and desorption), sample size, 
maximum wt% (theoretical and experimental),1 �Hdesorption , 
charge and discharge time, recyclability properties and bib-
liography. Eventually, the database entries have been modi-
fied so that, in the case of multiple values N associated with 
a single entry, an arithmetic average of the available data 
has been performed. Zeros are assigned for those quanti-
ties for which no entry is found in literature. Queries on the 
modified database are then performed running the in-house 
developed Python scripts that use the library PANDAS, and 
that also allow to show the results as bar charts.2 Although 
a comprehensive work has been done on a larger ensemble 

1 The gravimetric capacity of a material represents its capability to 
store hydrogen relative to its mass, while the volumetric capacity 
gives an estimate of the storing abilities respect to the unit volume 
of the material. The former is typically expressed in units wt%, or kg 
H2kg

−1 , or mol H 2kg
−1 , while for the latter the units kg H2m

−3 or 
mol H2m

−3 are usually adopted.
2 Python 3.5 has been used.
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of materials in the framework of the ESA project “Chal-
lenges related to the design of a reservoir for the transport of 
H2 ” (including metal hydrides, organic liquids and MOFs), 
the model database presented and discussed here considers 
clathrates as good candidates in the context of aerospace 
applications as a fully detailed example. The present imple-
mentation is a demonstration, and future ones may make use 
of more advanced data such as those related to the quantum 
state of nanoconfined hydrogen species (Longo et al. 2018) 
and the kinetics of such species, also in their excited states 
(Longo et al. 2011; Esposito 2019; Coppola et al. 2016). 
Furthermore, molecular dynamics studies may help to test 
the limit of the Arrhernius Law in systems kinetics (Aqui-
lanti et al. 2018).

The software developed for this work assumes that all 
information sources are equally reliable. Therefore, an 
arithmetic mean of the automatically detected data is used 
(Fig. 1). In future works, a reliability index Pi ≤ 1 could 
be included for all sources and applied to new entries. A 
weighted average can then be used. In this way, a Bayesian 
decision is implemented (Cartwright 1993). In this perspec-
tive, our work merges with the research on the use of artifi-
cial intelligence (AI) in chemistry.

3  Materials

3.1  Clathrate hydrogen hydrates

Crystalline compounds in which host water molecules 
form cages around guest molecules and enclose them under 
favourable formation conditions of temperature and pres-
sure are called clathrate hydrates (Englezos 1993). Clath-
rate hydrates of hydrogen are a new and promising direction 
for hydrogen storage. The H2 gas storage is carried out by 

trapping it through non-covalent weak bonds in water cages 
forming clathrates rather than through a chemical reaction 
followed by adsorption and desorption. The diameter of the 
hydrogen molecule (2.72 Å) was at first thought to be too 
small to make it part of a clathrate structure. Nevertheless, 
this assumption was challenged by experimental results. It 
was found that the mixture of H2 and H2 O compressed at 
a pressure of 180–220 MPa and cooled to 249 K forms a 
single solid compound. The energy-dispersive X-ray diffrac-
tion (EDXD) measurements have shown the existence of a 
face-centered cubic unit cell with a = 17.047 ± 0.010 Å, in 
agreement with the sII clathrate structure (Mak and McMul-
lan 1965). The proton peaks for hydrogen in the clathrate are 
corresponding in frequency to those of pure hydrogen, and 
the Raman spectroscopy proves that the hydrogen molecules 
in the clathrate cages are in free rotational states (Mao et al. 
2002). This is a clear indication that hydrogen molecules 
remain unbonded in this kind of clathrates. Nonetheless, a 
considerable splitting and softening of the vibron peaks of 
hydrogen highlight some intermolecular interactions.

3.1.1  Types of gas hydrate structures

The kinetics of hydrate formation is driven either by the 
difference in operating temperature or operating pressure 
from the equilibrium conditions. The clathrates are non-
stoichiometric and can form different crystalline structures 
depending on the guest molecules. Hydrogen-bonded water 
molecules form various polyhedral cages around guest mol-
ecules. The three common types of gas hydrate structures 
are: (1) the sI hydrate consisting of 46 water molecules that 
form two pentagonal dodecahedral (512 ) and six tetrakaid-
ecahedron (51262 ) cages in a unit cell, (2) the sII hydrate 
formed by 136 water molecules that form sixteen 5 12 and 
eight 5 1264 cages in a unit cell, and (3) the sH hydrate con-
sisting of 36 water molecules that form three 5 12 , two 4 356
63 , and one 5 1268 cages in a unit cell. These polyhedra are 
shown in Fig. 2. The size of the guest molecule affects the 
type of crystalline structure that can be formed around it. For 
instance, methane and ethane generate the sI hydrate, pro-
pane yields the sII hydrate, and cyclopentane, a much larger 
guest molecule, induces the production of the sH hydrate, in 
the presence of methane. If the guest molecule is ionic and 
its cationic part occupies the cages of hydrate structure like 
a guest while the anionic participates in the cage formation 
along with water, the semi-clathrate is formed (Bogdanović 
and Schwickardi 1997).

3.1.2  Hydrogen storage without promoters

Hydrogen storage without promoters can give quite high 
storage capacities, however, at very high pressures. A recent 
study (Willow and Xantheas 2012) calculated a gravimetric 

Fig. 1  Flowchart: materials selection and analysis, querying the data-
base
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density of 10 wt% for the sI hydrate with 5 H2 molecules 
occupying dodecahedron cages and 7 H2 molecules occupy-
ing tetrakaidecahedron cages. Nonetheless, this result has 
not been proven or validated experimentally. Another cal-
culation predicted a gravimetric density of 3.81 wt% in the 
hypothesis that 4 molecules of H2 are per large cage and 1 
molecule of H2 per small cage and 5.01 wt% in the hypoth-
esis that the large cage contains 4 molecules of H2 and the 
small cage contains 2 molecules of H2 (Prasad et al. 2009), 
while experimentally the hydrogen storage was measured 
to be 5.3 wt% at 300 MPa and 249 K (Mao and Mao 2004). 
The other practically advantageous option is the usage of 
ices. C2 ice experimentally shows a gravimetric density of 
11.2 wt% at 2300 MPa and 300 K (Mao and Mao 2004). The 
reactive ice Ic has the measured hydrogen capacity of 2.7 
wt% at 15–18 MPa and 140 K, while according to the com-
putations, it should be 10 wt% (Kumar et al. 2013).3 Very 
good results are shown by the ice-Ih (Lokshin et al. 2004; 
Kawamura et al. 2011): the formation of hydrogen clathrate 
from H2 gas and ice-Ih at 77–273 K occurs at least 100 times 
faster compared to the reaction with water (3.77 wt%). A 
clathrate containing H2 at 1:1 ratio with water with a cubic 
diamond structure is stable only at very high pressures of at 
least 30000 MPa (Vos et al. 1993).

3.1.3  Usage of promoters

The hydrogen clathrate is mostly stable due to the disper-
sive interactions between the molecules of hydrogen and 
water molecules of cage walls. The introduction of a sec-
ond guest component into the hydrogen hydrate allows the 
storage of hydrogen at lower pressures; it was shown that 
the hydrogen is included into the clathrate framework in 
the presence of a second guest component (Holder et al. 
1983; Zhang et al. 2000). Moreover, Raman spectroscopy 
measurements proved that all or most of the large cages of 
the binary clathrate hydrate are filled with the guest com-
ponent, whereas the H2 molecules most likely occupy to a 

significant extent only the small cages (Florusse et al. 2004). 
The inclusion of guest molecules usually, but not always, 
fills the larger cavities, and their presence also leads to a 
significant decrease in the capacity of hydrogen storage, yet 
at the same time decreases considerably the formation pres-
sure. The potential for hydrogen storage was investigated 
in a variety of novel binary clathrates. For example, it was 
calculated that the addition of 1,1-dimethylcyclohexane (1,1-
DMCH) stabilizes the sH clathrate. However, it reduces the 
gravimetric density significantly, down to 1.37% with an 
arrangement of 0 and 1 molecules of H2 per large and small 
cages, respectively (Prasad et al. 2009). The low amount 
of absorbed hydrogen storage (0.028 mol/mol) produced in 
the cage with the promoter 1,3-dioxolane at 10 MPa and 
233 K demonstrates distinctly that the inclusion of hydrogen 
atoms within empty small cages changes the size of the host 
cages depending on the type of guest molecule (Kawamura 
et al. 2011). It was shown that the increase of percentage 
of 1,4-dioxane from 0.2 to 5.56 mol% in powdered dioxane 
hydrates leads to the drop in hydrogen capacity from 1.1 
down to 0.4 wt% at 12 MPa and 233 K (Yoon et al. 2008; 
Kawamura et al. 2011). The study (Sugahara et al. 2010) 
investigated the dependency of large cages occupancies on 
pressures and guest concentrations succeeding to increase 
the gravimetric density of hydrogen up to 3.6 ± 0.1 wt% 
by means of addition of acetone (0.58 mol%) at 74 MPa 
and 255 K. In this study the hydrates were formed from 
the self-assembly of solid promoter and powdered ice. For-
mation of cyclopentane-hydrogen clathrate hydrates from 
powder (mole ratio of cyclopentane to water 1:17) in con-
stant volume and temperature at 2.0 ◦ C and initial pressure 
of 10–18 MPa has shown a hydrogen storage capacity of 
0.27 wt% (Saha and Deng 2010). Powdered furan hydrates 
(5.6 mol%) pressurized with hydrogen yield storage capaci-
ties much greater than that of tetrahydrofuran hydrate in 
spite of the same crystal structure (sII). The storage amount 
of hydrogen at 275.1 K is about 1.2 mol (hydrogen)/mol 
(tetrahydrothiophene or furan hydrate) ( ∼ 0.6 mass%) at 
41.5 MPa, which is coincident with that of tetrahydrofuran 
hydrate (Tsuda et al. 2009). The hydroquinone clathrate 
has been recognized as one of the potential host media for 
hydrogen storage, because it often forms stable cage-like 
structures at ambient conditions. The CO2 loaded hydro-
quinone clathrates lose the gaseous promoter upon heating, 

Fig. 2  Polyhedra that constitute the sI, sII and sH structures of hydrates clathrates. From left to right: 5 12 , 5 1262 , 5 1264 , 5 1268 , 4 35663

3 The discrepancy can be justified considering difficulty in reproduc-
ing the exact crystallographic structure for the experimental data and 
the most likely presence of a mixture of different kinds of crystals in 
the experiment.
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forming cages able to adsorb and desorb hydrogen rapidly 
with only a marginal degradation. The gravimetric hydro-
gen storage capacities were found to be 0.38 and 0.19 wt% 
at 35 and 10 MPa, respectively, while the calculated value 
is 0.61 wt% (Han et al. 2012). However, the thermody-
namically favorable beta-phase hydroquinone was found to 
form clathrates enclosing gas molecules like hydrogen and 
methane. Upon the dehydrogenation of the host lattice via 
the oxidation of hydroquinone to benzoquinone, the meas-
ured release of hydrogen suggested a 2.43 wt% hydrogen 
capacity for both guest host materials (Strobel et al. 2008). 
Powdered propane hydrates pressurized with the hydrogen 
clathrate sII structure yield 0.02–0.33 wt% at 0.67–12 MPa 
and 263–270 K (Park and Lee 2007; Abbondondola et al. 
2010), while the amount of encaged hydrogen in H2 -propyl-
ene oxide (0.029 mol/mol) was found to be comparable to 
that of H2-THF binary hydrate. Moreover, it was found that 
the trend of the changes for lattice constants is not related 
to the amount of encaged H2 . These results suggest that 
the organic compounds investigated can be used as alter-
natives to THF for the hydrogen enclathration (Kawamura 
et al. 2011). It was found that a variety of large molecules 
with butyl group have a stabilizing effect in binary hydrogen 
clathrates. The experiment has shown that the 5.56 mol% 
concentration of tertbutylamine yields 0.7 wt% at 13.8 MPa 
and 250 K (Prasad et al. 2009). The calculations demonstrate 
that the gravimetric density varies in the range 0.61–5.18 
wt (Prasad et al. 2009). A gravimetric content of 5.18 wt% 
is produced when a cluster of six H2 molecules partially 
occupies the large cages of sVI type (McMullan et al. 1967). 
On the other hand, the tetrabutylammonium (TBA) halides 
give very good hydrogen storage capacities: the bromide 
(concentration 2.71 mol%), chloride (3.26 mol%), fluoride 
(3.4 mol%) species give the capacities of 0.22, 0.12, 0.024 
wt%, respectively (Trueba et al. 2012; Strobel et al. 2007; 
Deschamps and Dalmazzone 2010; Trueba et al. 2013). The 
complex tetrabutylphosphonium bromide with the concen-
tration of 3.04 mol% yields a gravimetric density of 0.14 wt 
(Deschamps and Dalmazzone 2010). Other promising butyl-
ammonium-based promoters are tetrabutylammonium poly-
acrylate (with the cross linking ratio of 0.5 %) (Aladko et al. 
2010; Skiba et al. 2008), tetrabutylammoniumborohydride 
(2.54 mol %) (Shin et al. 2009), and methyl-tert-butyl ether 
(Prasad et al. 2009). The last two stabilizing agents yield rel-
atively high hydrogen storage capacities (1.35 and 1.42 wt%, 
respectively). Another very well studied and promising pro-
moter for hydrogen clathrate stabilization is tetrahydrofuran 
(THF), whose addition drastically decreases the formation 
pressure (Kawamura et al. 2011; Prasad et al. 2009; Lee 
et al. 2005; Veluswamy and Linga 2013; Nagai et al. 2008; 
Ogata et al. 2008; Yoshioka et al. 2011; Arca et al. 2008). 
The hydrogen storage capacities in THF- containing binary-
clathrate hydrates can be increased up to 4.03 wt% at modest 

pressures by tuning their composition to allow the hydrogen 
guests to enter both the larger and the smaller cages, while 
retaining low-pressure stability. The tuning mechanism is 
quite general and convenient, using water-soluble hydrate 
promoters and various small gaseous guests. The THF 
concentration of 0.15 mol% gives the highest gravimetric 
density 4.03 (wt%) at 12 MPa and 270 K (Lee et al. 2005). 
It was also shown that a 5.0 mol% concentration of THF 
stabilizes at 5 MPa and 279 K with 4 wt% (Florusse et al. 
2004). These results are explained by the double occupancy 
of small cavities by H2 and by the partial occupation of large 
cavities by THF. Various materials were investigated as a 
possible support for the THF-H2 enclathration: polymerized 
high internal phase emulsion (polyHIPE) (Su et al. 2008), 
mesoporous carbon (Saha and Deng 2009), polyacrylic 
sodium salt (Su et al. 2009), ice (Strobel et al.2006; Ander-
son et al. 2007; Talyzin 2008; Sugahara et al. 2010), solid 
THF (Sugahara et al. 2009), polyurethane foam (Talyzin 
2008), porous media of silica gel (Saha and Deng 2010). The 
conclusion was drawn that the choice of a support material 
greatly affects the clathrate synthesis process.

4  Materials selection

According to the data collected in this paper we have pro-
ceeded in the selection of clathrates hydrates by considering 
the possible version for this class of materials for which 
the gravimetric storage capacity is above 4, the desorption 
temperature is above 100 K and the working pressures are 
below 100 MPa These features are obtained by restricting 
the query to the database as reported in Figure 3. The clath-
rate hydrates sheet contains around 80 different species, 
corresponding to diverse promoters, pressure and tempera-
ture conditions; in the same sheet, the corresponding refer-
ences can also be found as additional information to navi-
gate among all the data. The materials which satisfy these 
requirements among clathrates are: H2 O molecules without 
promoter @ 16.5 MPa, 140 K and THF/0.15 mol. As a com-
parison, another material which shows as good performances 

Fig. 3  Database loading and query: the case of clathrates hydrates. 
The Python script uses the library PANDAS 
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among nanoporous materials is PCN-68 (NOTT-116), con-
sidering gravimetric and volumetric storage capacities above 
1.1 and 4.3 at RT, respectively, and pressures above 70 bar.

Hydrogen physisorption has several advantages com-
pared to chemisorption; it is worth to specifically mention 
its fast sorption kinetics, full reversibility and high stability 
over many cycles  (Ramimoghadam et al. 2016; Goldsmith 
et al. 2013). Moreover, in the case of MOFs, changes in 
the compound structures during (ab)desorption cycles is not 
observed, therefore, allowing for a good cyclability. Spe-
cifically, however, these advantages are at the expense of 
the low operational temperatures (Lai et al. 2015) (although 
ongoing research is focused on increasing H2 adsorption 
enthalpy thus improving this issue).

The successful synthesis of hydrogen hydrate clathrates 
is a definite advancement in the development of materials 
for hydrogen storage. Opposite to the conventional hydrogen 
storage materials, the hydrogen hydrates do not ignite eas-
ily nor corrode, thus provide an environmentally friendly 
and safe material to store hydrogen. It is still a challenge 
to employ hydrogen hydrates as practical materials for 
hydrogen storage. The synthesis of hydrogen hydrates is a 
relatively slow process since their formation is controlled 
by diffusion through a bulk solid phase. This recognized 
issue can be overcome by taking advantage of nanoemulsion 
methods as those recently described in the literature (Profio 
et al. 2018). Both pressure and temperature are controlled 
to achieve their formation. The slow kinetics may create 
difficulties for the effective recharging of hydrogen storage 
devices. That is why, one of the most important features 
of the hydrogen storage based on clathrates is the rate of 
clathrate synthesis. Permanent cooling, which is necessary 
to keep hydrogen hydrates stable, may be another issue. If 
the cooling stalls, the large amounts of hydrogen will be 
released by the material in a short time, which leads to safety 
problems. Thus, the higher capacities can be achieved only 
via the investigation of new structures of hydrogen hydrates 
with promoters. The only drawback in the addition of a ther-
modynamic promoter is the decrease of hydrogen storage 
capacity, since the added promoter also occupies the cages 
in hydrate structure. Thus, there is a trade-off between the 
hydrogen storage capacity and the hydrate formation condi-
tions. It was observed that there is a tuning effect in some 
binary hydrogen clathrates that reduces the promoter con-
centration and augments the hydrogen storage capacity (Lee 
et al. 2005; Koh et al. 2013).

Considering the net efficiencies and the greenhouse gases 
production, the storage through clathrates hydrates can be 
considered as a reversible environment-friendly procedure, 
as shown in Di Profio et al. (2009) (Fig. 4).

Fig. 4  Storing features of clathrates hydrates compared to physical 
hydrogen storage and other compounds used for hydrogen storage 
(adapted from (Di Profio et al. 2009)). For completeness, both gravi-
metric and volumetric capacities are reported. The acronyms stand 
for: CH2 compressed hydrogen (pressure in bar), LH2 liquid hydro-
gen, HyH2 clathrate hydrates. From the data reported in the figure, 
it is possible to estimate the Specific Energy Consumption (SEC). In 
terms of SEC the net energy in such systems is comparable with the 
other technologies which have the highest volumetric and/or gravi-
metric densities. The net energy is defined as the difference between 
the energy necessary to store hydrogen and the energy required to 
release it. In the case of liquid hydrogen (LH2) the value 16.81 MJ/
kg has been derived considering the experimental tank rather than the 
theoretical value. In fact, a net energy content of 14% of the theoreti-
cal value is usually experimentally found
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Clathrates hydrates
Pro:

   1. rapid kinetics and green chemistry;
   2. full reversibility of H

2
 adsorption and desorption processes;

Contra:
   1. volumetric capacities relatively low (compared to metal 

hydrides) and gravimetric capacities at RT do not generally 
exceed 2 wt% even at high (20 MPa) pressures

Highly compressed gas
Pro:

   1. no need to cool the gas to very low temperatures;
 Contra:

   1. relatively modest volumetric densities (36 g/l at 800 bar and 
at room temperature);

   2. high pressures needed;
   3. large volumes;
   4. energy loss during the pressurization process (12-16% for 

compression at 800 bar);
   5. safety risks

Liquid hydrogen
Pro:

   1. high volumetric density (70 g/l @ 1 atm and @ 20 K);
   2. no need for high pressures

Contra:
   1. maintenance of cryogenic conditions/hydrogen boil-off;
   2. 30%-35% of energy value required for liquefaction (3 times 

more than highly compressed gas);
   3. safety risks

Cryo-compressed
Pro:

   1. highest volumetric density (87 g/l @ 240 bar and @ 20 K);
   2. reduced boil-off and dormancy time in pressurized vessels.

Contra:
   1. net energy to be reduced by the compression and the liquefac-

tion works performed to the system

5  Conclusions

A comprehensive analysis of the possible candidates for 
hydrogen storage applications to satellite technology and, 
more in general, aerospace applications, has been collected 
in a database. In particular, together with physical storage 
achieved through liquid, highly compressed and cryo-com-
pressed hydrogen, materials with intrinsic porosity can be 
suggested for aerospace applications due to their cyclabili-
ties and weight compared to other technologies (like metal 
hydrides) generally adopted in automotive research and 
development. The costs for the production of these materi-
als and their low polluting effect represent also an advantage 
when designing a reservoir for the transport of hydrogen. 
The selection has been performed via an alternative database 

approach where the queries can be easily managed. An 
extensive database containing information on the synthesis, 
the operating temperature and pressure, together with the 
volumetric and gravimetric capacities has been collected. 
In view of the extreme requirements to storage in the space 
transport context, the authors believe that this information is 
of high value also as guideline for application in the automo-
tive context, especially when extending to other nanoporous 
materials like MOFs.
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Appendix: Highly compressed, liquid 
hydrogen and cryo‑compressed storage

The phase diagram of hydrogen shows several interest-
ing behaviours according to the temperature and pressure 
ranges. At normal condition of temperature and pressure, 
hydrogen exists in gas state. Decreasing the temperature 
and/or increasing the pressure leads to the phase transition 
to liquid and to solid. Four different insulating molecular 
crystal phases have been observed for increasing pressure. 
Moreover, metallic hydrogen has been recently found as a 
new phase of matter, that shows to be superfluid and super-
conductor; it is expected to be found in the interior of gas 
giants as Jupiter. The characteristic temperatures for hydro-
gen (critical temperature, boiling point and melting tempera-
ture) are quite low compared to other elements (32.976 K, 
20.28 K and 13.81 K, respectively). Eventually, an important 
role is played by quantum mechanics and statistical mechan-
ics in the description of phase transitions, especially the gas 
to liquid one. In particular, the technological problems con-
nected to the liquefaction of hydrogen can be understood in 
the framework of nuclear spins statistics. Historically, the 
discovery of different nuclear states has been argued and 
inferred studying the experimental curve of the specific heat 
of hydrogen. Indeed, molecular hydrogen can be found in 
two distinct nuclear configurations, labelled as ortho and 
para and corresponding respectively to odd and even rota-
tional quantum numbers.
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Highly compressed hydrogen gas At room temperature 
(RT), hydrogen gas is described by a van der Waals-like 
equation of state; indeed, it behaves as a non-ideal gas 
because of the strong repulsive interaction among H2 mol-
ecules.4 Hydrogen is stored as highly compressed gas in 
particular cylinders that can endure pressures up to 80 MPa 
for composite materials tanks (20 MPa for steel ones). The 
variation in pressure �p across the tank wall (also referred 
to as tank gauge pressure) depends on the geometry of the 
cylinder (specifically on the thickness of the wall tw and of 
the total cylinder diameter to ) and on a parameter ( �v , called 
tensile strength) that is specific of the materials the cylinder 
is made of. In particular the following relation holds:

hydrogen volumetric density around
The tensile strength varies according to the material, 

assuming values that are of the order of 50 MPa for alu-
minum, 1100 MPa for high quality steel and 2410 MPa in 
the case of boron. In designing a cylinder for highly com-
pressed gas, the higher the tensile strength, the better is the 
material in terms of performances; moreover, the mate-
rial should be light to prevent the tank to be heavy. At the 
moment, the maximum tank pressure that has been achieved 
corresponds to 80 MPa, which corresponds to a hydrogen 
volumetric density around 36 kg.m−3 (Zuttel 2003).

Cryogenic liquid hydrogen At normal pressure condi-
tion, hydrogen gas can be liquefied by cooling the system 
down to the boiling point (20.28 K). The cooling process 
for gases usually requires cycles in which the system is 
firstly compressed, isoenthalpically and, subsequently, it is 
expanded. Typically, at RT, gases (e.g., nitrogen) warm upon 
compression and cool during the expansion5; this is called 
the Joule-Thomson effect and it is used in the Linde cycle 
to reach cryogenic temperatures. However, for H2 , as well 
as for He and Ne, the gas warms upon expansion. For this 
reason, the system must be cooled down below the inver-
sion temperature at the corresponding operating pressure; 
from that moment on, the regular Linde cycle can be applied 
to reach lower temperatures. In the case of hydrogen, the 
maximum inversion temperature is 202 K at 0 atm. For this 
reason, to start with higher pressure and eventually expand 
the gas, the hydrogen is pre-cooled down to 78 K by means 
of liquid nitrogen (that is eventually recycled in the refrig-
eration loop).

(1)�p = 2�v

(

to

tw
− 1

)

−1

The experimental amount of energy required in the pro-
cess of hydrogen liquefaction at RT is Wexp ∼15.2 kWh kg−1 
(Zuttel 2003). An important aspect that limits and mines the 
overall efficiency relies on the boil-off rate of hydrogen from 
a liquid storage vessel; this is due to heat leaks, that depend 
on the geometry of the tank (size and shape) and on the ther-
mal insulation applied. Since boil-off losses caused by heat 
leaks are proportional to the surface-to-volume ratio, as the 
size of the vessel increase, the evaporation rate decreases. In 
terms of orders of magnitude, in the case of doubly-walled 
vacuum-insulated tanks with spherical geometry, boil-off 
losses are typically 0.4%/day, 0.2%/day and 0.06%/day for 
volumes of 50 m3 , 100 m3 and 20000 m3 , respectively (Zut-
tel 2003).

Together with these technological aspects, there are 
important effects on the gas-liquid phase transition due to 
the conversion between the ortho- to para- hydrogen spe-
cies. They represent a special rearrangement of nuclear spins 
(parallel and antiparallel respectively). The distribution of 
ortho- and para-hydrogen is a key element to describe pos-
sible heat loss deriving from the conversion in between these 
two nuclear spin arrangements (Dunlap 2014) ; having a 
proper description of the ortho- to-para ratio would give a 
more precise estimate of the heat transfer and a better tech-
nological design can eventually be suggested (and it will part 
of following tasks of the present project).

Cryo-compressed storage The cryo-compressed storage 
is a mixed approach between the highly compressed gas and 
the cryogenic storage technologies. The volumetric density 
obtained in such condition can easily reach 87 g/l, alleviat-
ing also the boil-off problem and allowing, at the moment, 
for the longest driving distance with a single tank in the 
automotive application. This efficiency corresponds to 5.8 
wt% and 43 g H2/l.6
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