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Abstract: The growing interest in hydrogen (H;) has motivated process engineers and industrialists
to investigate the potential of liquid hydrogen (LH,) storage. LH, is an essential component in
the H, supply chain. Many researchers have studied LH, storage from the perspective of tank
structure, boil-off losses, insulation schemes, and storage conditions. A few review studies have
also been published considering LH, storage; however, most are simply collections of previous
articles. None of these review articles have critically evaluated the research articles. In this review
study, recent reports, conceptual studies, and patents have been included and critically discussed.
Further, challenges and recommendations have been listed based on the literature review. Our results
suggest that the multi-layer insulation scheme and integrated refrigeration system can effectively
reduce boil-off losses. However, boil-off losses from storage tanks during transportation are the least
discussed and must be addressed. The cost of an LHj storage tank is high, but it can be reduced
with advancements in materials and the utilization of latest technologies. The present challenges
and future directions for LH, storage include minimizing and utilizing boil-off losses, improving
insulation schemes, and ensuring cost-effective large-scale LH; storage. This review study can be
fundamental for process engineers and new academic researchers to design energy-efficient and
cost-effective LH; storage systems.
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1. Introduction

Hydrogen (Hj) has recently become of fundamental importance in the energy and
economics sector because of its clean energy characteristics [1]. Compared to conventional
fuels, H; is a clean energy fuel as it produces only water when burned. Hj is a versatile
fuel that can be used in different sectors of life. The increasing importance of H, paves
the way for intercontinental or long-distance transportation. Hj can be transported in
different forms, including as a gas or liquid, or with ammonia and liquid organic hydrogen
carriers [2]. Among these options, the most cost-effective way to transport high-purity Hp
over long distances is in liquid form [3]. In liquid Hy (LH;) transportation, storage is one
of the most important considerations. Storing LH} is very challenging and critical. LH,
exists at —253 °C (1 atm) with a 99% para composition. This is a very low temperature
and requires tremendous amount of energy [4]. Similarly, 99% para (1% ortho) at —253 °C
is the composition of LHj at the equilibrium stage [5]. This equilibrium is temperature-
dependent and tends to change when the temperature has changed. However, this change
is exothermic, which imparts additional heat load on refrigeration [6]. These two challenges
make LH; storage very challenging and critical.

Researchers are working on improving LH, storage, studying storage conditions,
tank structure, insulation material, and boil-off losses to address its associated challenges
associated. For instance, Kang et al. [7] worked on the optimization of the insulation
thickness of an LH; storage tank. Their results show that using a vapor cooling shield
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(VCS) results in the reduction of layers in the multi-layer insulation (MLI) system. They
concluded that the total insulation thickness is reduced by 51.4% with MLI and VCS
systems [7]. Jiang et al. [8] conducted an interesting study on the effects of gravity on LH,
storage. They simulated the tank conditions using the computational fluid dynamics (CFD)
method. They concluded that the increase in gravitational acceleration leads to an increase
in temperature which increases gaseous H, percentage [8]. Liu et al. [9,10] also studied the
thermal performance of LH; tanks under different gravity levels. Their conclusion suggests
that the gravity level is directly proportional to the heat convection. In addition, Liu et al.
also studied the thermal performance of insulation in aerospace applications [11] and the
thermal stratification of rotating LH, tanks [12]. Moreover, Xu et al. investigated the design
of an LH, tank for aerospace applications using ANSYS software. Their proposed insulated
support structure can reduce heat leakage by 85% [13]. Researchers have also worked
on new materials and nanotechnology for H, storage [14-18]. It has been noted from the
literature reviews of research papers that researchers have mainly focused on improving
LH, storage tank insulation schemes.

Similarly, several review studies have also been published in the last few years investi-
gating the work of researchers. For instance, Yartys and Lototsky [19] have published a
review on Hj storage methods. They compared LH, storage with compressed H; storage
and concluded that LH; storage contains more storage volume because of its higher energy
contents. Zuttel [20] has also reviewed Hj storage methods. He presented a brief overview
of LH; storage conditions and characteristics. Eberle et al. [21] also reviewed Hj; storage
methods. They also presented a brief overview of LH, storage conditions and insulation
characteristics. Moreover, Durbin and Malardier-Jugroot [22] reviewed H; storage in auto-
mobiles. They determined that the main challenge in LH; automobile storage is controlling
boil-off losses. Sharma and Ghoshal [23] reviewed the H, supply chain, including LH,
storage and transportation. They also summarized challenges associated with Hy and its
utilization. Qiu et al. [24] reviewed storage materials for LH, storage. Stainless steel is
widely employed for cryogenic storage tanks [24]. Abdalla et al. [25] briefly explained LH,
storage and transportation and its associated challenges. Furthermore, Andersson and
Gronkvist [260] investigated the potential of large-scale storage for H,. They determined that
large LHj storage is an energy-intensive process (6.0 kWh/kg H,) compared to other stor-
age options. Zhang et al. also reviewed Hj liquefaction processes and LHj; storage. They
discussed materials used in LH; storage, insulation types, and its associated challenges.
Yatsenko et al. reviewed insulation types and materials for LH, storage [27]. Aziz [28]
recently published a paper reviewing Hj liquefaction, storage, transportation, and safety.
He analyzed LH; storage in detail, considering boil-off losses through sloshing during
transportation. Similarly, a few review papers have recently been published presenting a
brief overview of LH, storage methods [29-31].

It has been determined from the literature reviews of review papers that most authors
have mainly focused their investigations on LH; storage conditions, insulation schemes,
and boil-off losses. The investigation of LH; characteristics, the latest research on LH;
storage tanks, and techno-economic analysis are still lacking. This review paper fulfills this
knowledge gap by providing a detailed literature review (including reports, patents, and
conceptual studies) of LH, storage and analyzing LH, storage from a techno-economic
perspective. Further, this study shortlists challenges and future directions for process
engineers and academic researchers. This review is first-of-its-kind, focusing solely on LH,
storage and prospects.

2. Liquid Hydrogen Characteristics

Pure H can be stored in gaseous or liquid form [32]. At ambient conditions, H, exists
in gaseous form and the lower heating value (LHV) on a volume basis at these conditions
is quite low i.e., 0.01 MJ /L because of the very low density of H, (0.084 kg/m3) [33]. The
pressure of Hj gas is increased up to 690 or 700 bar to increase its density or LHV [33].
At 700 bar, the LHV of compressed gaseous H; (CGH,) is 4.8 MJ/L with a density of
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40.2 kg/m?3 [33]. In the case of LH; (—253 °C and 1 bar), the LHV and density is 8.5 MJ/L
and 70.9 kg/ m3, respectively [33]. The LHV and density of LH; are almost double that of
CGH,;. This shows that LH; storage is more beneficial in terms of storing more volume
compared to CGH,.

The comparison of the basic properties of CGH; and LH; is presented in Table 1.
These properties are extracted from Aspen Hysys [34] using the Modified Benedict Webb
Rubin (MBWR) equation of state as a thermodynamic package [4]. MBWR is a well-known
property package and has been widely used for H, process simulations [4].

Table 1. Properties comparison of CGH, and LHj.

Properties CGH, LH,
Temperature 25 —253
Pressure (bar) 690 1
o-H,/p-Hj 0.75/0.25 0.01/0.99
Mass Density (kg/ m?) 38.88 70.94
Molar density (kgmole/ m?) 19.29 35.19
Mass enthalpy (k] /kg) 4639 —250.2
Mass entropy (kJ/kg°C) 43.33 8.25
Heat of vaporization (k] /kg) - 445.8
Specific Volume (m3/kgmole) 0.052 0.028

Table 1 displays the difference in properties of CGH; and LH in storage. The density
of LHj is higher than CGH;, whereas the enthalpy and entropy are lower, mainly because
of the very low temperature of LHy. Further, the lower specific volume of LH; (i.e.,
0.028 m3/ kgmole) indicates that there is more space to store Hy; whereas in the case of
CGHy, the higher specific volume (0.052 m3/kgmole) means there is less storage space.
This confirms the importance of storing pure Hj in liquid form as opposed to gas.

2.1. Ortho-to-Para Conversion

The Hj; molecule exists in two different isomers, i.e., ortho H, (o-Hj) and para H;
(p-Hy). The difference between these isomers is the direction of its nuclei spin, resulting in
different properties, as shown in Figure 1.

ortho-Hydrogen ‘ para-Hydrogen

Figure 1. Schematic of o-H; and p-Hj [5,35].

At 25 °C, molecular H; consists of 75% o-H; and 25% p-H,, both with opposite nuclei
directions [36]. These isomers of H, have different rotational energies, with o-H; at the
higher energy level. The equilibrium between the two states is temperature-dependent
and shifts toward 100% p-H; as the temperature decreases to —253 °C. This shifting of
equilibrium is called ortho-to-para conversion (OPC). The enthalpy of OPC is approxi-
mately 527 k] /kg, and the heat of vaporization of p-Hj is approximately 447 kJ /kg (see
Figure 2) [37]. This exothermic enthalpy of conversion is an additional duty that enhances
the total reversible work by approximately 15% [38]. This OPC is of vital importance from
the perspective of long-term LH; storage.
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Figure 2. OPC and the corresponding heat of conversion to temperature [37].

The OPC in the absence of a catalyst is a second-order reaction [39]. This mode of
conversion can also be termed as self-conversion. The rate of conversion is written as
(Equation (1)):

dxm’[hu/dt = _K2x§rtho (1)

where x,,4,, is the mole fraction of 0-Hj, Kj is the second-order reaction rate constant, and ¢
is the time. If the catalyst is introduced in the OPC, the reaction will approach the first-order
reaction for the gaseous phase. The rate of conversion in this case will be (Equation (2)):

dxurihn /dt - _Kl xortho (2)

where K is the first-order reaction rate constant. Similarly, the reaction will approach
zero-order reaction rate when the catalyst is added in the liquid phase (Equation (3)):

dxm’fhu/dt = _KO (3)

where K is the zero-order reaction rate constant. The second-order reaction rate constant
(Kz) is equal to 0.0114 h~1 [39]. In this case, the time (#) required to convert 75% o-H; can
be calculated as (Equation (4)):

t=1/00114(1/x, s — 1/0.75) 4)

For example, it takes approx. 2 months to convert 75% o-H; to 5% o-H; which is a
very slow process [39]. Therefore, the OPC is done catalytically to support long-distance
transportation or the long-term storage of LH,. (This can also be seen in Figure 3.)

Figure 3 shows the amount of liquid remaining in the storage tank after a certain time
with and without OPC. At 80% p-H; (20% o-H3), the amount of liquid remaining is higher
than when compared to the lower percentages of p-H,. Figure 3 demonstrates the necessity
of OPC in LH; storage [39].
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Figure 3. Amount of liquid remaining with the passage of time at different o-H; concentrations [39].

2.2. Boil-Off Losses

Boil-off is the continuous but slow evaporation of liquified gas. Typically, boil-off
occurs in the storage tank after exchanging heat with the environment. This boil-off results
in a pressure increase inside the storage tank and a loss of liquified gas. In the case of
LHo,, the boil-off losses are very critical and important, mainly because of the very low
temperature (—253 °C) and high energy requirement for LH, production [40]. The energy
consumption for LH; production is estimated to be 11% of its energy content (i.e., lower
heating value (120 MJ/kg)) [5]. At this very low temperature, a small amount of heat
exchange will lead to boil-off losses. For typical gases (e.g., carbon dioxide and natural
gas), boil-off mainly occurs due to heat leaks, sloshing, and flashing, whereas in the case of
LH;, OPC also plays an important role in these boil-off losses.

Heat leaks typically occur due to temperature difference between the liquified gas
and its surroundings. This can be minimized by insulating the storage tank or remodeling
the storage tank (such as integrated with an refrigeration system) [41]. In addition, the
selection of storage tank material plays an important role. The details of storage tank
materials are provided in the forthcoming sections. Moreover, sloshing in a liquid storage
tank also plays an important role in increasing boil-offs due to the increase in temperature
and pressure inside the tank. Typically, sloshing occurs in the moving tank due to the
movement of the liquid. The sloshing can be reduced by introducing baffles inside the
storage tank, which dissipates the kinetic energy of the fluid. Furthermore, the transfer of
LH; from a high-pressure storage tank (2.4-2.7 bar) to a low-pressure storage tank (1.2 bar)
results in vaporization and boil-offs [42]. Storing and transporting LH, at low pressure can
avoid the phenomenon of flashing. Another important factor in boil-offs in LH; is OPC.
As described earlier, OPC is a temperature-dependent equilibrium conversion, and any
temperature change will disturb the equilibrium, which will change the LH, composition
and also release the conversion heat. Therefore, the temperature of LH; should be kept low
(~—253 °C) to avoid composition change and boil-off losses.

3. Liquid Hydrogen Storage

Storage of LHj is a complex and challenging process mainly because of the very low
temperature requirements (—253 °C) and OPC. LH; storage has versatile applications [43].
The LH, storage can be divided into two categories based on its application: stationary
storage and mobile storage. Stationary storage includes large-sized storage tanks, especially
present at the site of liquefaction plants or space shuttle programs. Mobile storage of LH;
includes small-sized storage tanks, usually used to transport LHj via trucks or tankers [44].
The applications of LH; storage vary based on needs, but the important aspect is the storage
of high density Hj [45]. Several studies have been published to investigate LH, storage
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from different perspectives, such as OPC in storage conditions, insulation materials, BOG,
and the mobilization of LH; [24,46,47]. Section 3.1 presents a brief discussion of storage
tank insulation and materials, whereas Section 3.2 discusses published reports, conceptual
studies, and patents related to LH; storage.

3.1. Storage Tank Insulation and Materials

LH; storage tanks are critically designed to minimize boil-off losses and maximize
the liquified gas in the tank [46,48]. The most common design is double-walled with a
vacuum in between these walls. This design reduces heat transfer from the outside and thus
minimizes boil-off losses. For example, Kawasaki Heavy Industries, Ltd. (Tokyo, Japan)
recently completed the Kobe LH; Terminal (Hy touch Kobe), the world’s first liquefied
hydrogen receiving terminal. The Kobe LH, Terminal consists of a 2500 m? spherical
liquefied hydrogen storage tank with a capacity of 2250 m?® [49]. The tank features a double-
shell vacuum-insulation structure, comprising inner and outer shells with a vacuum-sealed
layer in between to prevent heat transfer from the outside. Additionally, the tank adopts a
spherical design, which is the optimal shape for reducing heat transfer. In some designs,
the space between walls is filled with materials (such as aluminum and silica) to minimize
any heat transfer through radiations. In addition, the selection of material for storage tank
walls is very important, especially in terms of heat capacity and thermal conductivity. Many
different materials have been investigated in terms of their ability to withstand the LH;’s
extremely low boiling point. For instance, stainless steel is a commonly employed material
for low-temperature LH; storage [27]. However, hydrogen embrittlement is a common
issue associated with the use of stainless steel. Stainless steel of different grades has also
been tested to evaluate its resistance against embrittlement [24]. Similarly, aluminum can
be used for LH; storage tanks due to its low sensitivity to embrittlement and high specific
strength [24]. In addition, titanium and composite materials can also be employed as
materials for storage tanks [24,28].

Similarly, insulation plays an equally important role in LHj storage tank design. There
are different types of insulations based on their thermal conductivity (k value) and heat
resistance performance. The Table 2 below shows types the pros and cons of different
insulation materials used for LH, storage tanks. Typically, perlite vacuum insulation is
used for LH; storage tanks.

Table 2. LH; storage tank insulations and their characteristics [50].

k-Value
Insulation Type (300-77 K) Pros Cons
W/mK
Insulation at atm pressure 0.020-0.050 {;?;:ggﬁg?; High heat load
Good performance Needs strong vacuum
. 2 p g
Perlite at 1075 mbar 0.001 Standard technology Heavy structure
Needs strong vacuum
. . . 4 &
Multilayer insulation at 10 6.5 x 1070-1.0 x 107* Excellent performance Heavy structure

mbar

Expensive

The above table shows that MLI is excellent in reducing boil-off losses (up to
0.01-0.05%/day [50]). MLI is composed of several layers of low-emissivity material with
free-volume spaces. MLI is considered the most efficient insulation scheme in cryogenic sys-
tems, exhibiting minimal boil-off losses [51]. It consists of multi-layers of reflective materials
such as aluminum foil or low conductivity material like fiberglass under high vacuum.

The insulation process can be divided into two types based on thermal protection:
passive thermal protection and active thermal protection [44]. Passive thermal protection
employs materials such as spray-on foam insulation, fiber-reinforced plastic, aerogel, and
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glass bubbles in combination with MLI to reduce heat losses. These materials exhibit low
thermal conductivity and good thermal resistance. Further, these materials can be stacked
by wrapping materials on the surface of the storage tank and/or can be used in powder
form as a filling in the insulation area. Table 3 shows the thermal conductivity and density
of common materials [44].

Table 3. Thermal conductivity and density of common insulation materials (Reprinted /adapted with
permission from [44], 2024, Elsevier Ltd).

Insulation Material ](:1):;3;3, R-V‘/];?Il(e)
Stacked insulation material (77 K-300 K)
Polyurethane 11 0.033
Polystyrene 39, 46 0.026-0.033
Rubber 80 0.036
Silicon 160 0.055
Glass 140 0.035
Stacked insulation material (90 K-300 K)
Perlite 50, 210 0.026-0.044
Aerogel 80 0.019
Vermiculite 120 0.052
Glass fiber 110 0.025
Mineral wool 160 0.035
Vacuum powder insulation material (77 K-300 K)
Perlite 64, 180 0.00095-0.00019
Aerogel 80 0.0016
Glass fiber 50 0.0017

Moreover, active thermal protection is the technology utilizing cryogenic chillers to re-
condense the evaporated vapors and utilize them to reduce heat transfer and avoid boil-off.
This technology provides superior performance and can be used alongside passive thermal
protection to provide a better insulation performance. NASA is working on developing and
utilizing active and passive thermal protection to minimize boil-offs. For active insulation,
an internal refrigeration and storage (IRAS) system can be introduced utilizing helium as a
refrigerant and for passive insulation. Glass bubbles have also been assessed as a potential
insulation material, exhibiting a better performance than perlite powder [44].

3.2. Literature Review

In this section, a literature review is categorized based on reports, conceptual studies,
and patents.

3.2.1. Bibliometric Analysis

The bibliometric analysis of H, storage was conducted through a Scopus document
search [52]. Bibliometric analysis is an efficient tool to analyze research trends in a specific
research field. These research trends depict the importance of certain research areas. In
this case, the target was to analyze research trends in LH; storage solutions. To do that, a
comprehensive bibliometric analysis was conducted. In the document search, the following
keywords were selected: hydrogen storage, hydrogen storage capacities, hydrogen storage
materials, hydrogen storage system, liquid hydrogen storage, liquid hydrogen tank. The
irrelevant keywords were excluded from the search. This document search resulted in
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2594 documents, mainly comprised of articles (1731), conference papers (506), reviews
(258), and book chapters (84). These results are shown in Figure 4.

I tiydrogen storage I Acticles

- Hydrogen storage capacities - Conference paper

I Hiydrogen storage materials Review
Hydrogen storage system Book chapter

I Liquid hydrogen storage 4%

6%

4%
84%

Figure 4. Bibliometric analysis results for keyword search: Hydrogen storage, Hydrogen storage
capacities, Hydrogen storage materials, Hydrogen storage system, Liquid hydrogen storage, Liquid
hydrogen tank.

These results show that the authors mainly used “Hydrogen storage” as a keyword.
Nevertheless, this keyword included all kinds of hydrogen storage such as GH; storage,
storage materials, and capacities. To further narrow down the search, the keyword, “Liquid
hydrogen storage” was selected. This search showed 159 documents in total, comprising
97 articles (61%), 46 conference papers (29%), 9 reviews (6%), and 7 book chapters (4%).
This analysis was further expanded to evaluate the trend of year-wise research in this
subject area (see Figure 5).

35+
30
254

20 .

Number of studies

5 N

. _/./\//\./

T T T T T
2000 2005 2010 2015 2020 2025

Years

Figure 5. Year-wise trend of studies published related to the keyword: Liquid hydrogen storage.

The trend shows that a major boom in the research of LH, storage has been seen
post-2014. This trend is increasing which shows the increasing interest of researchers in
developing efficient LH, storage. Furthermore, this research has mainly been conducted in
the research areas of energy and engineering, as can be seen in Figure 6.

Figures 5 and 6 demonstrate research trends and the focus of researchers in LH,
storage research. It can be seen that in recent years, the key focus of researchers has been
to improve the energy efficiency of storage by improving the design and tank materials.
The main target of researchers is to develop energy-efficient LH, storage systems. The
other research areas include research for space applications, material development, and
environmentally friendly applications.

In conclusion, the bibliometric analysis provides an important outlook of importance
and current research trends in the field of LH, storage.
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4.4% Chemistry
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Il Mathematics
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Figure 6. Research areas of the research conducted using the keyword: Liquid hydrogen storage.

3.2.2. Reports

NASA is the major player in LH; storage. The world’s largest LH, storage tank
belongs to NASA, with a storage capacity of 4732 m?, increasing the total storage capacity
to 7950 m? [53]. The new storage tank is more advanced and efficient regarding the low
boil-off rate. The maximum boil-off rate is <1.0% [54], which is much less than that of the
old storage tank (>1.0% [50]). The old LH; storage tank is vacuum jacketed with perlite as
insulation. In the new storage tank, a more advanced control system is applied, i.e., a glass
bubbles insulation system for passive thermal control and IRAS for active thermal control.
The glass bubbles have been proven to be more efficient than perlite, with an associated
44% reduction in boil-off rate [55]. The IRAS system employs a refrigeration system that
constantly applies cold energy of helium to stored LH; in order to minimize the boil-off
rate. Figure 7 shows a comparison of an ordinary and an IRAS system storage tank.

Vent J—

[N — d Helium Refrigeration Cycle

Traditional IRAS
storage tank storage tank

Figure 7. Comparison of ordinary and IRAS system storage tanks.

In addition, Kawasaki has developed LH, storage tanks for JAXA (a Japanese space
exploration company) with a storage capacity of 540 m> and 2250 m? [56]. Kawasaki has
also designed another vacuum-sealed LH, tank with a storage capacity of 10,000 m3 with a
boil-off rate of 0.1% [57]. Similarly, Linde has also developed both small and large-scale
storage tanks with a capacity of up to 300 m? [58]. In addition, NASA also worked on
developing efficient insulation systems for LH, storage tanks [59,60]. The NASA team
conducted tests and modeling to study the performance of MLI under different temperature
conditions [61]. Similarly, Johnson at NASA [60] worked on optimizing layer densities for
MLI systems. He calculated a critical layer density and validated it against test data from a
H, testbed.

3.2.3. Conceptual Studies

Several conceptual studies have been published investigating the potential of LH;
storage conditions, tank structure, tank, and insulation materials [62-65].
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For instance, Qiu et al. [24] thoroughly reviewed cryogenic materials for LH, storage
and transportation. They concluded that stainless steel is the most common material for
storage tanks; however, there are certain issues with stainless steel such as H, embrittle-
ment [24]. Alloys and composite materials can also be used for tank material. Park et al.
studied the mechanical behavior of stainless steel at low temperatures and concluded
that the materials are dependent on temperature and strain rate [66]. Similarly, Shultz
studied the mechanical, thermal, and electrical properties of composite materials for cryo-
genic applications [67]. Horiuchi and Ooi [68] also studied the cryogenic properties of
composite materials. They investigated carbon fiber-reinforced plastics, aluminum oxide
fiber-reinforced plastics, and silicon carbide fiber-reinforced plastics [68]. Further, alloys
have also been investigated by researchers and their applications in Hj storage [69,70].

Zheng et al. [71] studied insulation schemes for LH; storage tanks. They introduced
a self-evaporation vapor-cooled shield insulation scheme and compared its performance
with other insulation schemes. Similarly, Jiang et al. [72] studied the multi-layer and
vapor-cooled shield insulation schemes for LH; storage tanks. Kang et al. [73] studied
LH, storage tank conditions and insulation schemes for locomotives. They also performed
a dynamic study to analyze the effects of structure and insulation systems on boil-off
losses. Furthermore, Xu et al. [13] studied the thermal and structural performance of LH,
storage tanks for aerospace applications. They suggested improvements in the support
structure of the tank by introducing a point-contact storage support structure, which can
reduce heat leakage by 85%. Krenn [74] investigated the abnormal performance of a LH,
storage tank after an increase in boil-off rate. His investigation concluded that this high
boil-off was due to a void in perlite filling in the tank, which was later filled [74]. Choi
et al. [75] analyzed LH; tanks in heavy duty trucks based on ISO 13985 standard [76]. The
purpose of their study was to analyze the safety of LH; storage on trucks with respect to
structural and thermal performance [75]. Similarly, Ustolin et al. [77] conducted a critical
review considering the safety of Hj in the Hj lifecycle. Their review includes the behavior
of material such as embrittlement, thermal contraction, and thermal stresses under low-
temperature conditions. Fesmire studied the insulation system for nonvacuum cryogenic
applications [78]. He proposed a layered composite insulation system, which is suitable
for complex systems and can insulate LH; storage tanks [78]. Wang et al. [79] worked on
optimizing the variable density of the MLI system and conducted experimental validation.
They demonstrated an improvement of 45% and 54% in the performance of variable density
MLI [79]. Yanxing et al. [80] provided a detailed thermodynamic analysis of pure H;
storage. They analyzed the storage density /power consumption for CGH, storage, cryo-
compressed H; storage, and LH; storage. According to their analyses, cryo-compressed Hp
storage is more advantageous the LH; storage from a storage density /power consumption
perspective [80].

3.2.4. Patents

There are also a few patents published in the field of LH; storage tanks. Brooks
et al. [81,82] patented technologies for cryogenic LH, storage tanks for aerospace ap-
plications. They proposed a cryogenic tank to minimize boil-off losses at high-altitude
applications. Similarly, Immel et al. [83] patented a technology that includes a storage tank
for LHy. The invention includes a tank that utilizes a common access vacuum tube for
different fluid lines in order to minimize obstruction for insulation layers. In another patent,
Immel et al. [84] invented a method to suspend the inner tank within the outer tank in order
to improve the performance of the cryogenic storage tank. Similarly, Pechtold invented
cryogenic storage tank technology to minimize losses during the refilling of LHj [85]. There
are also several other patents published with similar perspectives [86-90].

It has been determined from the literature review (including reports, conceptual
studies, and patents) that most studies have focused on analyzing insulation schemes to
improve the performance of LH; storage tanks.
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3.3. Techno-Economic Analysis

In this section, the storage of LHj is evaluated from a technical and economic per-
spective. The main technical aspect of LH, storage is the behavior of H, with respect
to temperature and pressure. Therefore, the Pressure—Volume (PV) and Temperature—
Volume (TV) diagrams are drawn to analyze the behavior of H, at different pressures and
temperatures. The PV diagram of H; at different temperatures is shown in Figure 8.
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Figure 8. PV diagram and isotherm curves drawn from Aspen Hysys employing MBWR EOS.

Figure 8 shows the behavior of H; at a temperature above the critical temperature
(Tc) ie., —220 °C, below Tc (—245 °C), and equal to Tc (—239.9 °C). H, above Tc shows no
change in phase no matter how much the pressure is increased. However, H, at Tc shows
a change in phase at approx. 6 bar and will remain liquid until the critical pressure (Pc)
is reached. A further increase in pressure will lead to a super-critical phase. Similarly, an
increase in pressure of Hy gas at Tc (the blue line) shows a similar behavior to the dew
point curve. This shows that the Hj at Tc will not liquefy no matter how much pressure
is increased.

Moreover, the TV diagrams are also drawn for H,. These TV diagrams show the
change in volume of H; when the temperature is reduced from atmospheric conditions
(25 °C) to storage conditions (—253 °C). It must be noted that the TV diagram is drawn
using data extracted from Aspen Hysys, whereas the MBWR EOS is used to calculate the
H, properties [6]. Figure 9 shows a TV diagram of H;, and isobars at different pressures.
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Figure 9. TV diagram and isobaric curves drawn from Aspen Hysys employing MBWR EOS.
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Figure 9 shows the trend of isobaric curves at different pressures (1 bar, 5 bar, and
10 bar). The considered pressure values are below the critical pressure of H (12.8 bar). The
isobar at 5 and 10 bar shows a very sharp slope, which means that the volume of H; is low
even at higher temperatures. At atmospheric pressure, the volume of H; gas is large at
higher temperatures. When the temperature is reduced, the volume of GH; is reduced to
the point that GHj is completely liquefied. To understand the change in volume at different
temperatures, Figure 10 is drawn at pressures 1 bar and 10 bar.

Isobar at P (1 bar)
Isobar at P (10 bar)
3

TV curve
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[
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3
0.028 m/kgmole at —253 °C and 1 bar Molar volume (m”/kgmole)

Figure 10. TV diagram and isobaric curves are drawn from Aspen Hysys employing MBWR EOS
showing volume at atmospheric and storage conditions.

Figure 10 shows that the volume of Hj at 25 °C and 1 bar is 24.8 m3/kgmole. When
the temperature is reduced, the volume is reduced linearly till the dew point is reached.
At this point, the volume of H, is approx. 1.5 m?®/kgmole. The heat is further removed
from the H; to attain complete liquefaction (till bubble point). The volume of H; is reduced
to 0.028 m3/kgmole when temperature is reduced from 25 to —253 °C. The total change
in volume is 24.77 m®/kgmole. This shows that the volume of H; is reduced 870 times
upon liquefaction. This volume reduction is significant compared to conventional fuel
(i.e.,, LNG).

Another important parameter in LH, storage is the cost of the storage tank. There are
many factors that influence LH; storage tank costs, such as technological advancements,
initial investment costs, operating costs, material costs, and maintenance costs. LH, storage
tanks require high heat resistive material that can withstand extremely low temperatures
(<—252 °C). These specialized materials have high material and investment costs. High-
strength materials and advanced designs like double-walled tanks can also increase the
cost. In addition, tank insulation is critical in cryogenic storage. Vacuum or multi-layer
insulation significantly adds to the cost. At NASA, Fesmire et al. [91] studied the costs of
insulation materials. They compared the costs of perlite powder, glass bubbles, and aerogel
beads. Glass bubbles showed the best performance in terms of low thermal conductivity
and low boil-off rates. The initial cost of glass bubbles ($ 1.12/ ft3) is higher than perlite
($ 2.13/ft%); however, the boil-off costs of glass bubbles are significantly lower (approx.
80%) than the cost of perlite [91]. Further, operating costs play a major role in the overall
lifetime costs. Maintenance, replacement, and refurbishment costs increase operating costs.

NREL reported some costs of LH; storage tanks at different capacities [92]. These
costs are shown in Table 4.
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Table 4. Costs of LH, storage tanks at different sizes provided by NREL [92].

Size (kg) Cost/kg ($/kg) *
8.9-890 21-36 (43-74)
0.089-8.9 490-700 (1011-1444)
270 450 (929)
300,000 18 (37)

* These costs are according to 1995 USD which is converted to the 2024 USD rate (shown in brackets) 1$
(1995) = 2.06 $ (2024).

The values in Table 4 show that larger tanks can be more cost-effective than smaller
ones. However, these costings are old, and a lot of technological advancements have been
carried out since then. Furthermore, the costs vs. capacity analysis has been carried out
using Aspen Hysys and Aspen Process Economic Analyzer (APEA) [34]. In Aspen Hysys,
a spherical LH; (at —253 °C and 1.3 bar) storage tank is simulated, and costs are calculated
in APEA. 55304 was selected as a tank material in the analysis. Figure 11 shows the costs of
these large-sized tanks at different storage volumes.

Storage tank costs (m$)
[ i8] %] ES w [=)}
1 1 1 1 1

5000 7500 10,000

Tank volume (m?)

Figure 11. LH, storage tank costs at different capacities calculated by Aspen Hysys and APEA.

It can be seen from Figure 11 that as the capacity increases (5000 m? to 10,000 m?), the
costs of the storage tank increases from 4.6 m$ to 6.8 m$. This increase in cost is mainly
because as the tank volume increases, the size of the tank increases, which leads to higher
equipment costs. These costs do not include the cost of insulation and auxiliary equipment.

4. Challenges and Future Directions

LH, storage is a critical and challenging issue. The major challenges in LH; storage
are summarized below:

e Insulation plays a key role in keeping LH; at —253 °C. Commercial LH; tanks employ
perlite insulation with a vacuum to limit the boil-off rate by 1.0% per day. However,
this boil-off rate is quite high and needs to be reduced.

e  OPC heat of conversion (527 kJ /kg) is higher than heat of vaporization (447 kJ /kg),
which leads to a larger heat load and a high boil-off rate. To control and reduce

boil-off, a large amount of energy is required. Minimization of this energy is critical
for cost-effective LH; storage.

e  Storage at —253 °C requires highly sophisticated equipment and design. In addition,

a large amount of energy is required to keep LH; at —253 °C. The design, equipment,
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refrigeration, energy, and other necessities of the LH, storage tank are cost-intensive.
Reducing this cost will be essential for effective long-term LH, storage.

During the transportation of LH,, the boil-off rate increases due to sloshing and
splashing. To minimize this, the design of the storage tank should be suitable enough
to control the pressure built inside the storage tank.

To improve the energy efficiency of LHj storage, the design and structure of the storage
tank can be improved. The application of an internal integrated refrigeration system
(IIRS) by NASA is an attempt in this regard. However, it is very challenging to devise
an improvement owing to insulation requirements and low-temperature storage.
The challenges associated with LH; storage including tank geometry, tank material,
H; embrittlement, permeation, and process safety must be addressed.

The importance of LH; storage cannot be denied; however, there are several challenges

and limitations for energy-efficient and cost-effective storage. To meet these challenges,
future directions and policy implications are listed below:

Academia and industry are both pillars for the improvement and commercialization
of any process. The cooperation of academic and industry research needs to be further
strengthened. This can be done by establishing joint research programs to utilize the
research expertise of academic researchers and to apply the expertise of industries in
commercializing the technology.

The detailed techno-economic assessment of storage tanks must be considered to
compare alternatives with respect to cost and efficiency.

The energy-efficient LH, storage can be a game changer. Therefore, government policies
and resources should be diverted towards research and applications of LH; storage.
Further, research on minimizing and utilizing boil-off losses has to be focused on, and
alternatives must be considered. In addition, the research on minimizing the boil-off
losses in automobile applications requires further consideration. Similarly, more work
needs to be done regarding the insulation of the LH, storage tank. The studies can
focus on insulation materials, insulation types, and their integration with internal
refrigeration systems.

It is necessary to develop a lightweight, compact, strong storage tank.

5. Conclusions

Storage of LH; has become an essential part of the Hy supply chain. This review

provides a comprehensive overview of LH; storage methods by considering reports, con-
ceptual studies, and patents of LH, storage. This review further analyzes LH, properties,
LH; behavior at different temperatures and pressures, and the economics of LH; storage.
The conclusions of this study are listed below:

Owing to its very low liquefaction temperature and ortho-para conversion, the storage
of LHj is critical and challenging.

Reducing the boil-off rate is an essential and critical part of LH; storage.
Improvements in tank insulation can reduce boil-off losses.

Multi-layer insulation with an internal refrigeration system can reduce boil-offs and
improve LH, storage.

Utilization of boil-offs can help with the design of efficient storage systems.

The boil-offs can be used to exchange cold energy and produce power using a small-
scale fuel scale.

Reducing boil-offs during LHj transportation must be urgently addressed.

The energy-efficient and cost-effective design of the storage tank is an essential part of
the Hy supply chain.

The economics of LH; storage can be improved by developing heat-resistive material
that can withstand very low temperatures.
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