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Abstract: The aim of this paper is the study of the storage of hydrogen in the liquid state, LHp, with a
focus on the thermal gains for cylindrical and spherical tank geometries. A given tank volume was
assumed; three geometries for such a tank were taken, similar to the most common tanks for LH,
storage: cylindrical (vertical and horizontal) and spherical. An integrated refrigeration system was
considered for LH; stored at a temperature around 22 K and at a pressure around 3 bar. Then, the
energy expenditure by the refrigeration system to maintain LH, in the liquid state was determined
and compared with the value of the energy contained in the LHj, in order to compare such a storage
method to other hydrogen storage methods, namely compressed hydrogen, in the gaseous state. The
most important conclusion was that spherical tanks had lower thermal gains than tanks with other
geometries.

Keywords: hydrogen; storage; liquid; thermal gain

1. Introduction
1.1. Importance of Hydrogen

Presently, owing to the high energy consumption by Western economies and the
worldwide exorbitant dependence on fossil fuels [1], humankind is faced with multiple
problems to solve with reference to the deterioration of the environment. As a short-term
objective, the European Union is committed to lowering its emissions by at least 55% by
2030, compared to 1990 levels [2].

It is also necessary to consider the fossil fuel reserves, as it is expected that they will
cease to be economically viable by 2112 [3,4].

Therefore, it is necessary to develop new methods of production and storage of
energy in order to satisfy the growing global energy consumption. Multiple concepts and
alternatives to fossil fuels are emerging, one of which is hydrogen [5]. Hydrogen is seen as
the cleanest energy vector [6] and can be produced by wind turbines during hours of lower
electric energy consumption [7].

With the increasing interest in hydrogen, attention has turned to the main problems
this fuel presents: its production and storage.

As would be expected, the production of any synthetic fuel, such as hydrogen, has
significantly higher cost than the direct utilization of a fossil fuel [8]. Since about 95% of
hydrogen production comes from the conversion of fossil fuels, there is high interest in
research on this subject [9].
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1.2. Energy Content

As for storage, although hydrogen has a very high heating value, its low density
entails a low energy density. Therefore, to obtain a large mass of gaseous hydrogen within
a container, high pressure will be required.

Under normal conditions of pressure and temperature in the Earth’s atmosphere,
hydrogen appears as a colorless, odorless, tasteless, highly flammable gas, lighter than air.
When subjected to extremely low temperatures, like 22 K, the gas changes to a liquid state
and can then be stored in cryogenic systems [10,11].

As aforementioned, hydrogen has a high HHV of 141.9 ]-kg~!. However, in terms of en-
ergy per unit volume, in the liquid state, it has a very low heating value of 10.10 J-m~3 [12].
In Table 1, such values can be compared with the homologous values of other fuels.

Table 1. HHYV of various fuels. Adapted from [12].

Fuel HHV (J-kg™1) HHV (J-m—3)

Liquid state

Methanol 22.3 18.10
Ethanol 29.9 23.60
Fuel oil 45.5 38.65
Gasoline for aviation 46.5 35.30
Gasoline 474 34.85
LH, 141.9 10.10
Gaseous state

Natural gas 50 0.04
GH, 141.9 0.013

Through Table 1, we can verify that, comparing the fuels mentioned in the liquid state,
hydrogen is the one that occupies more space for a given amount of energy. Comparing
hydrogen with gasoline, 1 kg of LH; represents the same amount of energy as, approxi-
mately, 3 kg of gasoline. However, once again, the volume occupied by gasoline will be
much smaller, about 29% of the volume occupied by LHj. As for gaseous fuels, natural gas
will occupy about 32% of the volume occupied by hydrogen for an equal amount of energy.

1.3. Safety Questions

Like any other fuel, hydrogen is flammable and potentially dangerous. However, it is
incorrect to consider it more dangerous than other fossil fuels.

In order to facilitate the safety analysis of precautions needed when storing or using
hydrogen as a fuel, Table 2 is presented. It presents safety-relevant properties for hydrogen
and other fossil fuels.

Table 2. Physical and chemical properties useful when considering safety for hydrogen, methane,
propane, and gasoline. Adapted from [11,13].

Properties Fuel

Hydrogen Methane Propane Gasoline

Density, PTN (kg-m~3) 0.084 0.65 2.01 440
Flammability range in air, PTN (% v/v) 4.0-77 4.4-16.5 1.7-10.9 1.0-7.6
Ignition temperature (°C) 560 540 487 228-471
Minimum ignition energy in air (M]) 0.02 0.3 0.26 0.24
Diffusion coefficient in air (cm?-s~1) 0.61 0.16 0.12 0.05
Specific heat at constant pressure (]~l<g*1 Kb 14.89 222 1.67 1.2

The lower the density of a fuel, the safer its use will be as its dispersion, in the event
of a leak, becomes easier. For the same reason, the higher the diffusion coefficient of a fuel,
the safer its use will be. Regarding both these parameters hydrogen stands out.
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High values of specific heat also make the fuel safer, as it lowers the temperature
increase for a given thermal input. Again, hydrogen has a substantial advantage.

The wider the flammability range, the lower the ignition energy, or the ignition
temperature, the more dangerous is the fuel. However, in the case of hydrogen, it is
necessary to analyze these values cautiously, in particular the flammability limit and
the ignition energy. The wide flammability range of hydrogen is, from the outset, a
disadvantage when compared to the flammability range of the other fuels presented.
However, since the minimum values are similar for all fuels, which is of high importance
since, in real accident situations, as soon as the fuel reaches the minimum flammability
concentration, hydrogen will be in a situation similar to the other gaseous fuels before a
heat source [14].

Hydrogen has a very low minimum ignition energy, which could be a disadvantage.
However, the decisive aspect will be the need for weak sources of ignition, such as sparks
or electrical equipment, which produce more than the minimum energy required to ignite
all the fuels in Table 2 [15,16].

Finally, the flame of hydrogen is invisible, which could be potentially dangerous for
untrained individuals [11,17].

1.4. Storage Methods

As of the early 2000s, annual hydrogen production was around 50 billion m®. However,
only 5% of the hydrogen produced was commercialized, which is explained by the difficulty
in storing and transporting hydrogen. Large consumers of hydrogen have their own
production facilities [18].

Storage system requirements are primarily determined by the final intended applica-
tion. In the case of vehicles, the total weight of the hydrogen installation should be as low as
possible, but this will not be a determining factor in the case of a stationary installation [18].

Hydrogen storage can be classified as physical or chemical, depending on the type
of processes the hydrogen is subjected to [18,19]. Currently, physical methods are widely
used, despite their disadvantages, and chemical methods are still in a developmental
stage. For this reason, only physical storage methods (liquid and gaseous state) will be
explored [11,20].

1.4.1. Storage—Gaseous State

The simplest way to store hydrogen is within pressurized cylinders, but this method is
suitable only for small quantities of gas. Normally, hydrogen is used as a chemical reactant
in some production processes; if the intention is to use it as an energy vector, this solution
is less satisfactory [11].

As a rule, due to material strength and operating costs, hydrogen is not stored at
pressures exceeding 100 bar in surface-mounted tanks and at pressures exceeding 200 bar
in underground facilities [21]. Since operating pressures are limited, the density of hy-
drogen will be limited too. At 100 bar and 298 K, the density will be around 7.8 kg-m 3.
The reduced density will entail large volumes of the storage facility and expensive invest-
ments [22].

Underground storage facilities are cheaper compared to above-ground facilities. Large
amounts of hydrogen are currently stored in salt cavities at Teeside, UK, and Texas, USA,
which demonstrate the feasibility of this type of storage process [22].

As for surface-mounted tanks, the most common storage systems operate with pres-
sures around 200 bar, if constructed of steel, and can reach 800 bar using composite materials.
At 800 bar, the density of hydrogen reaches 36 kg-m~3 [11,23].

The main disadvantage of the gaseous storage of hydrogen is the weight of the containers.
Accordingly, to improve the characteristics of this storage process, it will be necessary to use
light materials that guarantee structural integrity when subjected to high pressures. A viable
solution is shown in Figure 1 and consists of using a liner of aluminum or polymer, reinforced
by another layer of fiberglass or carbon, both of which are protected by an outer layer [24].
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Figure 1. Scheme of the wall of a tank.

1.4.2. Storage—Liquid State

Liquid hydrogen storage is carried out at a temperature of approximately 22 K. Cur-
rently, this is the only method used to store large volumes of hydrogen [11].

With this storage method, a greater hydrogen storage density is achieved, but it
presents some relevant technical obstacles: firstly, the liquefaction process entails a very
high energy consumption, about 30% of the total energy stored; secondly, the energy
required to maintain hydrogen in the liquid state; finally, the difficult effective design of
the thermal insulation of the tank [19].

Regarding the energy consumption of the hydrogen liquefaction process, there are
basically two factors that explain its high value: the extremely low boiling temperature
(22 K at 1 bar) and the fact that gaseous hydrogen does not cool down during isenthalpic
expansion processes at temperatures below 200 K. This last feature makes it necessary to
introduce a pre-cooling step [22,25].

With hydrogen being in a liquid state, it will be necessary to store it within a thermally
insulated container to minimize hydrogen evaporation, which not only represents loss of
energy but also the loss of the hydrogen itself, since eventually it will be necessary to release
evaporated hydrogen to prevent a dangerous pressure buildup inside the container [22].

Over time, this releasing of hydrogen allows the evaluation of the evaporation rate
and of the percentage of stored hydrogen lost daily. The evaporation rate depends on the
size, shape, and thermal insulation of the container. Theoretically, a spherical tank has the
best geometrical characteristics due to the lowest surface-to-volume ratio; the counterpart
is its difficult construction. Bearing in mind that the thermal losses are proportional to
the relationship between the surface and the volume, for a given surface, the losses will
decrease with the increase in the volume of the container. A spherical tank’s evaporation
rate will be about, for the volumes of 50 m?, 100 m3, and 20,000 m3, respectively, 0.4%, 0.2%,
and 0.06% [25,26].

Several container concepts with zero evaporation rates are being explored, and cooling
systems for small-scale containers have already been successfully developed [26]. In 2017,
NASA presented a large-scale container with an integrated cooling system that showed
zero evaporation rates during a 13-month test period [26].

1.5. VED and GED

To assess the performance of the storage system, the energy stored in relation to the
mass of the storage system, GED, and the energy stored in relation to the volume of the
system, VED, can be compared. This comparison is shown in Figure 2.

Figure 2 shows that storage in the liquid state has the highest VED value; the GED
value has similar values for both gas and liquid storage methods. This gives support to the
storage of hydrogen in the liquid state.
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Figure 2. Comparison of VED and GED for different storage methods [27].

2. Methodology
2.1. Geometry
Figure 3 shows one of the tanks considered in this study; the spherical geometry was

also considered. Anyway, the structural elements will be the same for both geometries.
Moreover, all calculations considered an inner volume of 1 m? for both geometries.

R0.30
‘Y

A

191 >

I
—10,76—>

0.96

[

Figure 3. Tank considered in the current study. Legend: A—external wall in contact with ambient air;
B—insulation; C—inner wall in contact with hydrogen; D—elements for structural integrity.

This study began by determining the thermal gain of the tank, after which a refrigera-
tion system by compression was designed.

In the case of the cylindrical tank, the parameters that need to be defined are the ratio
between the diameter and the length, D/L; the radius of the dished head cap ends; and
the thickness of the different layers of the walls, taken to be the same for both tanks. In
Figure 4, a cross-section of the container wall is shown: 1 is the inner layer in contact with
hydrogen; 2 is the insulation layer; 3 is an element for structural integrity; 4 is the outer
layer in contact with ambient air.

The importance of the D/L parameter depends on the orientation of the cylindrical
tank (horizontal or vertical); it can assume different values depending on the application of
the container and the characteristics of the place in which the container is set up. Usually,
for the storage of natural gas in the liquid state, D/L ranges between 2 and 9. In this study,
D/L =5 was chosen.
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Figure 4. Container wall.

As for the dished head cap ends, they were assumed to be of the Korbbogen type, Figure 5,
suitable for medium /high pressures, namely 3 bar, which is the common maximum pressure
for liquid hydrogen storage. For this type of cap end, the inner spherical radius varies between
0.8 and 0.9 of the inner diameter of the tank; in this study, the value 0.9 was chosen.

/ D

Figure 5. Dished head cap ends of Korbbogen.

As for the thickness of the container wall, see Figure 4, the thicknesses of layers 1 and
4 are decisive for the structural integrity of the container, but this is not the focus of the
current study; its contribution to the thermal insulation of the container is minimal, due
to the high thermal conductivity associated with typical construction materials. Bearing
in mind that the structural design is not relevant for our scope, a thickness of 10 mm
was assumed for both internal and external walls, which is a common value for these
containers [28].

The layer of insulation has, by far, the greatest influence on the thermal gain of the
container. In the calculations below, the assumed thickness values of 10, 20, 30, 40, and
50 mm were considered; for each value, the thermal gain of the container was determined.

At last, the structural supporting rods were assumed as cylinders, with 0.1 m radius
and length equal to the insulation thickness.

2.2. Materials

Materials must have a high modulus of elasticity, yield strength, fracture strength,
and rigidity, as well as low density and low hydrogen permeability. However, there is
no material with all these characteristics at the same time, so the elastic modulus and
density are the parameters that prevail on the container design. Moreover, in cryogenic
applications, the critical crack size is relevant [29,30].

Besides those properties, it is also important that the material presents characteristics
that allow failures to be detected before they become catastrophic, namely yielding or
leakage before failure. In case the material yields, as the cracks propagate, the material
undergoes plastic deformation, which is a warning before the cracks reach critical size [29].

Composite materials have a high tensile strength associated with reduced density. It
is recommended to use discontinuously reinforced metallic composite materials (hybrid
structures), more specifically discontinuously reinforced aluminum. Despite the promising
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features of this group of materials, their use would dramatically increase the cost of
the container production process. Furthermore, there is also the problem of hydrogen
permeation and the fact that composite materials have different coefficients of thermal
expansion (TECs), which can induce unwanted stresses on the material [29,30].

Ceramic materials also have high rupture strength, but, owing to their brittle behavior,
they are not suitable for this type of application [29].

Similarly, metallic materials have sufficiently high rupture strengths associated with
a density between 1500 and 7800 kg-m 3, which together with the different problems
presented by composite materials makes this group of materials suitable for LH, storage.
Due to the wide use of this group of materials, its behavior is predictable in the most varied
applications [30].

According to the literature [29], aluminum alloy 2219 is considered the most suitable
material for the inner wall of the container, since it has an excellent compromise between
the different characteristics that are required. This material, at cryogenic temperatures,
20 K, has a density of 2825 kg-m 3 and a rupture strength of 172 MPa [30].

The choice of the insulation material is of the highest importance for this storage
system: it will determine the cooling needs of the system and the correlated energy costs.

The materials employed for hydrogen handling, including pipes, vessels, valves, and
fittings, must be selected carefully to be compatible with the hydrogen’s characteristics.

The main considerations for materials used to handle liquid hydrogen include hy-
drogen embrittlement, permeability, and capability to withstand very low temperatures.
This embrittlement weakens the material. However, as hydrogen solubility decreases with
decreasing temperature, hydrogen embrittlement for liquid hydrogen is significantly lower
than that for gaseous hydrogen.

There are two options regarding insulation: active or passive. Active systems are those
that require an external energy source (for example, a system that uses a vacuum pump).
Passive systems do not require any type of energy source [31].

One of the main problems regarding the insulation system is the infiltration of atmo-
spheric gases, which at the temperature of liquid hydrogen will condense or even solidify.
To solve this problem, an active insulation system can be used, making it necessary to main-
tain a pressure of about 0.133 kPa [30]. However, maintaining the vacuum level necessary
to ensure that the thermal properties do not degrade is difficult. It is also necessary to
consider the different coefficients of thermal expansion between the walls of the tank that
could jeopardize the insulation properties [29].

To select the best thermal insulation, its conductivity is evaluated together with its
density. The ideal would be a material with low conductivity and low density. However,
it is necessary to consider that, as a rule, materials with low conductivity have a high
coefficient of thermal expansion. Thus, materials that have a low coefficient of thermal
expansion and low conductivity are desirable [29].

According to a study carried out by NASA [31], in which 15 possible insulation
materials were selected, it was concluded that the best material, in terms of performance
and safety, would be a rigid cell foam; an insulation system based on steel microspheres
held in vacuum was also considered.

Equally effective are multilayer insulation systems, with the drawback of being ex-
tremely sensitive and dependent on the level of vacuum used [32].

As an example of a multilayer insulation system, a solution based on two sections of
Rohacell® foam together with two vapor barriers is shown; see Figure 6 [30]. The vapor
barrier is separated from the Rohacell® foam using a polyester film and two aluminum
sheets [30].

Table 3 shows suitable insulating materials, as well as some respective important
characteristics. Of the materials presented in this table, it is worth noting that the Airgel
and Pearlite materials could hardly be equated due to their advisable temperature ranges
(minimum temperature 73 K).
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Rohacell foam

Inner walk——»

Figure 6. Thermal insulation system based on foam Rohacell [31].

Table 3. Properties of insulation materials, [29,30].

> Vapor barrier

Material/System k (W-m-1.K-1) Density (kg-m—3)
Multilayer vacuum insulation (MLI) 10~5-10-8 -
1076-10-7 -

Microspheres in vacuum

Rohacell® foam 35 x 10735 x 1073 35.24
Airgel 1072-1077 100-500
Pearlite 1075-10-6 128
Polyurethane foam 1072-10~4 32-64
Polyamide 35x 107! 1430

2.3. Summary of Characteristics of the Containers Studied

A summary of all dimensions concerning the cylindrical and spherical containers is

presented in Tables 4 and 5, respectively.

Table 4. Dimension of the cylindrical tank.

Material/System Dimension Unit
Ttank 0.382 m
Liank 1.913 m
Vtank 1 m3
€inner wall 10 mm
Insulation thickness 10/20/30/40/50 mm
€outer wall 10 mm
Number of supporting rods 8
Tend caps 0.306 m
Table 5. Dimensions of the spheric tank.

Material/System Dimension Unit
Ttank 0.620 m
Viank 1 m3
€inner wall 10 mm
Insulation thickness 10/20/30/40/50 mm
€outer wall 10 mm

8

No. of supporting rods

The material of the inner wall and of the supports will be aluminum of alloy 2219, Al
2219. For the external wall, since it is not in contact with hydrogen, there will be no problem
of permeation and embrittlement; furthermore, since one function of the external wall is to

avoid the crumbling of

the insulation and the other function is to protect insulation from

impacts, dust, and humidity, stainless steel 4301 Cr-Ni was selected. The characteristics of
these metal alloys are shown in Table 6.
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Table 6. Properties of studied materials adapted from [32].

Material k[W-m-1.K-1] p [kg-m—3] Oceq [MPa]
Al 2219 171 2825 172
4301 Cr-Ni 15 7900 270

The material chosen as the insulating material was the MLI, see Table 7, which has a
conductivity that depends on the number of layers used; in the current case, the conductiv-
ityk=10"*W-m~1.K~ L.

Table 7. Properties of insulation materials [32].

Material/System k(Wm-1.K1) p (kg:m—3)
Multilayer vacuum insulation (MLI) 105-10-8 -
Microspheres in vacuum 1076107 -
Rohacell® foam 35 x 1073-5 x 1073 35.24
Airgel 10-2-10"7 100-500
Pearlite 107°-107¢ 128
Polyurethane foam 1072-10~* 32-64
Polyamide 35x 107! 1430

3. Method for the Evaluation of Thermal Gain

The thermal resistance scheme considered to calculate the thermal gain is shown in
Figure 7. The thermal gain was calculated through the quotient between the numerator
as the temperature difference Tryp (hydrogen temperature inside the tank) and T,y
(temperature of the environment outside the tank) and the denominator as the sum of the
thermal resistances shown in Figure 7.

Rconv1 Riso1 Ri302 RisoS Rconv2
o\ \—"ae— 1 " \N—e— " NN—@—NNNN—@—NNN@
TLH2 T4 Ts T3 Ty Tamb

Figure 7. Scheme of thermal resistances.

The supporting rods were neglected in thermal calculations since their joint cross-
section area is very small when compared with the total area of heat transfer—it only
represents 0.68% of the surface area of the tank. Moreover, the temperature gradients are
greater in the direction perpendicular to the surface of the container than along the layers;
thus, one-dimensional conduction perpendicular to the layers was considered.

Another important assumption was neglecting the thermal stratification within the tank:
it was considered that both temperature and pressure are homogeneous inside the tank.

Taking these assumptions into account, it is then possible to start the calculation of the
thermal gain according to the flow diagram in Figure 8. The temperature and pressure of
the ambient air were taken, respectively, as 293.15 K and 1 bar; for the stored hydrogen, the
temperature and pressure were taken, respectively, as 22 K and 3 bar.
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Definition of Air and H; properties Final Vﬂ'::i‘:.f thermal
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F
v
«| Thermal resistance
Rinty Mgt o Calculation
calculation

Figure 8. Diagram with the flow of calculations for the thermal gain.

The thermophysical properties of the ambient air were determined, namely the thermal
diffusivity, «, through Equation (1); kinematic viscosity, v, through Equation (2); and
thermal expansion coefficient, {3, through Equation (3) [33]; the thermal conductivity, k, was
withdrawn from [34].

The thermophysical properties of hydrogen were also determined from tables, partic-
ularly the density, p; dynamic and kinematic viscosity, u and v; specific heat at constant
pressure, ¢p; and thermal conductivity, k [34].

Initially, the temperatures of the interior face of the walls of the container were arbi-
trated; then, the inner Pr, Nu, Ra, and Gr were determined.

A cylindrical container, regardless of being disposed horizontally or vertically, has three
inner convection coefficients, hjn: two for the caps and another for the cylindrical wall.

To determine the last one, for the inner convection resistance, it was considered that
the cylindrical wall approximates a plane wall, so Equation (4) was used to calculate the
corresponding Nu [35]:

a=—3119 x 10 +3.541 x 1078 x T, + 1.679 x 10710 x T2, (1)

v=-2079 x 107® +2.77 x 1078 x Tppp +1.077 x 10710 x T2, @)
1

B= , 3)
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Nf—=

C n G
(Ra x D/L)2 (Ra x D/L)%

Parameters C; and C; of Equation (4) have tabulated values, depending on the tem-
perature and thermal flow conditions of the walls [35]. Parameters D and L refer to the
diameter and height (vertical disposition) or length (horizontal disposition) of the container.

In the case of the dished head end caps, since their geometry is close to that of a sphere,
the Nu for the inner convection was calculated with correlation (5), which was obtained
through numerical analysis of finite differences performed by [36]; this correlation was also
used to calculate the Nu of the spherical tank; this correlation should be used in the range
7.2 x 10° <Ra <4.1 x 10'°:

NMD =

/ 4)

Nup = 0.934(Ra)*"7 (5)
as for the outer heat transfer, hey, if the tank is set vertically and respects
S 35L

D> 1
Gr}

/ (6)

then, the container can be approximated to a vertical plate, and the Nusselt for the cylindri-
cal surface was calculated through Equation (7) [35]:

2
0.387Ral/®

Nug = { 0.825 +
8/27
{1 +(0.492/Pr)*/ 16}

@)

But, if the tank was set horizontally, the Nusselt for the cylindrical surface was calcu-
lated using Equation (8) [35];

2
1/6
0.387Ray]

8/27
[1 +(0.559/ Pr)/ 16]

Nup = 4 0.60 + 8)

provided that Rap < 1012.

With the aforementioned, the convection and conduction thermal resistances of
Figure 7 were determined.

The thermal gain was obtained by an iterative process initiated with the setting of
arbitrary surface (inner and outer) temperatures and ended when such arbitrate values
reached a stabilized value.

4. Cooling System
4.1. Simplified Scheme

The energy consumption of a storage system for LH, depends on the heat gain and the
COP of the refrigeration cycle. Thus, it is necessary to ensure optimal operating conditions
for the different equipment of the cooling system.

If the cooling system consists of a compression vapor cycle, compression ratios must
guarantee the maximum efficiency of the compressor: the smaller the temperature ratio
between the condensation and evaporation pressures, the more efficient the cycle will be.
Accordingly, in the current case, a cascade refrigeration cycle with five sub-cycles was
selected. In each of the sub-cycles, a particular refrigerant was used. Each of the five
sub-cycles was characterized by multistage compression and expansion, i.e., it included
two or more stages, as indicated in Table 8. The flowrate of refrigerant in each of the levels
was different. A simplified scheme of the system with the five sub-cycles is shown in
Figure 9.
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Table 8. Definition of sub-cycles and stages.

Level of Evaporation

Level of Condensation

Sub-Cycle Stage
T [K] P [MPa] TIK] P [MPa]
R-702p
(Hydrogen) 1st 18.0 0.05 25.7 0.36
R-728 1st 70.0 0.04 79.0 0.12
(Nitrogen) 2nd 79.0 0.12 90.0 0.36
R50 1st 110.0 0.09 123.0 0.22
™ t'h ) 2nd 123.0 0.22 137.0 0.56
ethane 3rd 137.0 0.56 159.0 1.40
RAT0 1st 178.0 0.07 197.0 0.18
(Ethano) 2nd 197.0 0.18 219.0 0.44
ano 3rd 219.0 0.44 248.0 1.10
R-134a 1st 264.0 0.21 284.0 0.42
(Tetrafluorotane) 2nd 284.0 0.42 306.0 0.84
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Figure 9. Simplified scheme of a refrigeration cycle [31].

>



Energies 2024, 17, 5557

13 of 17

4.2. Levels of Temperature and Refrigerants

There are two temperature levels defined at the outset: the evaporating temperature
in Evaporator I and the condensing temperature in Condenser VI.

As for the temperature in Condenser VI, considering the ambient temperature, a
condensing temperature of 308.15 K was assumed.

In the case of Evaporator I, an evaporation temperature of 18 K was assumed. The
intermediate temperatures and pressure levels will depend on the selected refrigerants,
together with the desired compression ratios.

When it comes to cascade compression cycles of refrigeration, the best examples are
presented in the natural gas liquefaction industry; these systems are also applicable for the
active cooling of hydrogen in the liquid state.

Currently, larger industries use systems with three or more sub-cycles. In the case of
hydrogen liquefaction, the process is initially divided into three temperature ranges, in
each of which the refrigerants to be used will be different. The sequence of temperature
ranges is 300 to 220 K, 220 to 73 K, and 73 K down to storage temperature.

Between 300 and approximately 220 K, it is common to use three-stage compression
refrigeration cycles, in which propane is used as a refrigerant. Propane, of course, can be
replaced by several fluids suitable for this temperature range.

For the temperature range between 220 and 73 K, compression cycles are still suitable,
provided, of course, the operating temperatures of the refrigerant are included in this range.
As possible refrigerants, we have methane and nitrogen.

For the final temperature range, 73 to 22 K, the suitable refrigerants are fewer. There
is a choice between neon, hydrogen, and helium, and their main properties have already
been presented [37,38].

As can be seen in Table 8, there was a concern to maintain the compression ratios of
all compressors at similar values. The refrigeration setting was assumed as indicated in
Table 8.

For the present study, temperature levels and the selected refrigerants were as follows:

308 K down to 263 K—tetrafluorotane (R-134a).
263 K down to 183 K—ethane (R-170).

183 K down to 115 K—methane (R-50).

115 K a 75 K—nitrogen (R-728).

75 K a 22 K—hydrogen (R-702p).

4.3. Refrigeration Cycle Characteristics

Two parameters are defined depending on the data obtained from the different sub-
cycles that make up the cycle: the power of the compressors and evaporators. These
parameters are obtained from the sum of the power of each component. From these
values, it is possible to calculate the COP using Equation (9). For reasons of calculation
simplification, a compression efficiency of 100% was considered; moreover, superheating at
the evaporator outlet and subcooling at the condenser outlet were neglected.

Y- Qeva [4

COP = ,
chomp

)

In addition to the COP, it will also be interesting to calculate the ratio between the
power of the compressors and the evaporators. Thus, it is possible to check the effort on
the cycle considering the necessary refrigeration effect. These parameters are presented in
Table 9.
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Table 9. Refrigeration cycle characteristics adapted from [31].

Parameters Units
Weomp 0.0175 kW
Qevap 0.123 kW
Weomp /Qevap 0.142 -
cor 7.03 -

5. Results and Conclusions

As expected, an important factor to take into consideration is the shape of the tank,
as this influences heat transfer rates. A comparison of thermal gains was made between
the three geometries under study: cylindrical tanks (either vertical or horizontal), with
cupped bottoms, and spherical tanks. Thermal gains were calculated according to the
method described in Section 3. The results of such calculations show that the spherical
tank presents the lowest thermal gain value of 6.53 W; see Figure 10. This value is approxi-
mately 1.7 times lower when compared to that for a cylindrical tank arranged vertically or
horizontally. This value is understandable since, for a given inner volume, the spherical
surface area is the smallest, which lowers heat transfer.

11.12 11.14

Thermal gain [W]

Vertical cylinder Horizontal cylinder Sphere

Figure 10. Thermal gains for the different configurations.

In Figure 11 are shown the total values of evaporation power and compression useful
power for the same three situations.

148.84 149.03
87.35
52.18 52.25
I I =
Vertical cylinder Horizontal cylinder Sphere

B Wcomp [W] Qevap [W]

Figure 11. Evaporation and compression (useful) power for different configurations.
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In Table 10 are the values obtained for the energy initially stored and that correspond-
ing to the mass of hydrogen evaporated within a week.

Table 10. Comparison between the energy stored in tanks and lost through evaporation weekly.

Parameter Vertical Cylinder Horizontal Cylinder Sphere
Ewev [J] 1.79 x 10° 1.79 x 10° 1.05 x 10°
E LH2 stored U] 8.15 x 10° 8.15 x 10° 8.15 x 10°

Through Table 10, it can be seen that the hydrogen losses reach values of 22% of the
initial stored energy in the case of cylindrical geometry and 12.9% in the case of spherical
geometry. Of course, the greater the thermal gains of the tank, the greater the hydrogen
evaporation rate, which translates into greater hydrogen or energy loss.

Table 11 shows the principal calculations concerning the refrigeration process.

Table 11. Refrigeration cycle characteristics adapted from [31].

Level of Evaporation Level of Condensation Qevap/QCT  Qcondenser/QCT
Sub-Cycle Stage
T [K] P [MPa] T [K] P [MPa] - -
R-702p
(Hydrogen) 1st 18.0 0.05 25.7 0.36 1 1.79
R-728 1st 70.0 0.04 79.0 0.12 1.79 2.07
(Nitrogen) 2nd 79.0 0.12 90.0 0.36 2.07 2.34
R-50 1st 110.0 0.09 123.0 0.22 2.34 2.65
M t-h ) 2nd 123.0 0.22 137.0 0.56 2.65 2.71
ethane 3rd 137.0 0.56 159.0 1.40 2.71 341
R-170 1st 178.0 0.07 197.0 0.18 3.41 3.75
(Etl-n ) 2nd 197.0 0.18 219.0 0.44 3.75 4.20
ano 3rd 219.0 0.44 248.0 1.10 420 477
R-134a 1st 264.0 0.21 284.0 0.42 4.77 5.13
(Tetrafluorotane) 2nd 284.0 0.42 306.0 0.84 5.13 5.69

So, in short, unless reasons related to layout or space availability are at stake, spherical
reservoirs should be preferred to cylindrical ones for LH; storage. This statement does not
consider reasons linked to the price or ease of construction of such reservoirs.

Evaluating the storage method considered, it is worth to highlight that the storage
of LH; has the advantage of occupying a much smaller volume when compared to other
storage methods; another advantage is in terms of safety, as low pressures of up to around
3 bar are involved.

In this type of storage, the study of the material to be used is essential, since hydrogen
can affect the materials it comes in contact with.

In order to have LHj, it is necessary to account for and control the thermal gains
of the reservoir, since hydrogen is stored at 22 K, which implies heat transfer from the
environment to the reservoir, thus reducing the available energy. The energy consumption
to liquefy and maintain the hydrogen in the liquid state places high demands on tank
insulation and the type of refrigeration system to be used.
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Nomenclature

cor Coefficient of performance Qevap Evaporator heat gain [W]

p Specific heat at constant pressure (J-kg™!-K~1)  Ra Rayleigh number

D Diameter [m] Reonv Reonv Convective thermal resistance [K.W~1]

€nnerwall  Otorage tank inner wall thickness [m] Tendcaps ~ End caps radius [m]

Ermostored Hydrogen energy stored [J] Riso Riso Conduction thermal resistance [K.W~1]

€outer wall Storage tank outer wall thickness [m] Ttank Storage tank radius [m]

Ewev Weekly hydrogen energy loss [J] T Temperature [K]

GED Gravimetric energy density [J-Kg™!] Tamb Ambient temperature [K]

Gr Grashof number TEC Coefficients of thermal expansion [K1]

HHV Higher heating value []~Kg_1] VED Volumetric energy density [J-m3]

k Thermal conductivity [W-m~1.K1] Viank Storage tank radius [m?]

L Length [m] Weomp Compressor work [W]

Liank Tank length [m] 104 Thermal diffusivity [m?-s 1]

Nu Nusselt number B Thermal expansion coefficient [K~1]

P Pressure [Pa] Oced Yield stress [MPa]

Pr Prandtl number v Dynamic viscosity [N-s-m~2]

Qct Thermal gain [W] v Kinematic viscosity [m2.s~1]

Qcond Condenser heat power [W] P Density [kg-m*“”]
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