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ABSTRACT

The approach for a thorough evaluation of the structural soundness of type C tanks meant for the storage and transportation of liquid hydrogen
is proposed in this work. An assessment process for cargo compartments for liquid hydrogen employing Type C tanks in accordance with MMO
specifications is described, and the design assessment procedures used for ships transporting cryogenic cargo are examined. Thermal analysis,
structural and fatigue assessments, and, if required, fracture propagation analysis are all part of this process. The established methodology's
ability to verify structural integrity was evaluated. The idea and design of specialized tanks for the storage and transportation of green
hydrogen on ships destined for use in the Caspian Sea were developed. The main emphasis is on creating cryogenic containers with highly
efficient vacuum insulation, which minimizes hydrogen losses by reducing evaporation during transportation. The project envisages the use of
materials resistant to extremely low temperatures and mechanical stress, as well as the introduction of thermoregulation systems to maintain
stable storage conditions. Particular attention was paid to compliance with international standards, including IMO and IGC Code requirements,

which ensures high safety of tank operation.
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INTRODUCTION

In order to combat global warming and replace fossil fuels, the
switch to a range of alternative energy sources is quickening
globally. Nowadays, liquefied natural gas is being considered as
a means of achieving goals for lowering emissions of sulfur and
nitrogen oxide (Mingzheng et al., 2025).

In addition, the transition to decarbonization requires hydrogen
(H;) energy, which does not emit carbon dioxide and could
become a future natural resource. However, to introduce a
hydrogen economy within the country, methods of storing and
transporting hydrogen from foreign places of its production are
needed (Nasiruetal, 2023).

At normal temperature and atmospheric pressure, liquid
hydrogen has a volume of about 1/845 that of hydrogen gas; at
700 bar, it is around half that of hydrogen. Because of this, it is
the best format for big-scale accumulation and the best way to
store large amounts (Ahmad et al., 2024).

International maritime shipping accounts for more than 80% of
global trade and is responsible for approximately 2.89% of
global greenhouse gas (GHG) emissions. The IMO's GHG
reduction strategy, revised in 2023 (MEPC 80), sets a target of
net-zero emissions by 2050, with an interim target of 5%

carbon-free or “near-zero” fuels by 2030. Under the European
Green Deal and the REPowerEU plan (European Commission,
2022), green hydrogen is identified as a strategic energy carrier
to replace fossil fuels in hard-to-electrify sectors such as
aviation, heavy industry and deep-sea shipping.

Liquid hydrogen (LH;) has the highest mass energy density of
any practical fuel — 120 M]/kg — and emits only water vapour
when burned. However, the need to store it at -253 °C (20 K)
imposes extremely stringent requirements on tank design,
thermal insulation, materials and safety regulations, exceeding
anything faced by the LNG industry (Ustolin et al., 2022).

The general guidelines for liquid cargo tanks are followed by
type A tanks. Complete secondary protection is necessary for
major spills if there is a chance that liquid cargo will leak.

This type of tank is commonly used on ships to transport
liquefied petroleum gas (LPG).

The structural analysis of Type B tanks is required to verify the
structure's safety. By using fatigue crack propagation analysis
based on fracture mechanics, assuming crack start, the volume
of potential leaks is determined. For this kind of tank, partial
secondary barriers are needed.

The purpose of type C tanks is pressure vessels. They eliminate
the need for a secondary barrier by guaranteeing the structure's
safety and integrity without the possibility of leakage.

Type C tanks are typically spherical or cylindrical pressure
vessels with a design pressure higher than two bar. They are

World Journal of Environmental is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-Non
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms. (https://creativecommons.org/licenses/by-nc-sa/4.0/).



https://doi.org/10.51847/qrULNAz8q6
https://creativecommons.org/licenses/by-nc-sa/4.0/

Samal et al.

World ] Environ Biosci, 2025, 14, 4: 71-81

designed and manufactured in accordance with accepted codes
or standards for pressure receptacles, such as the ASME Code
for Boilers and Pressure Vessels, and are further augmented by
the specifications of classification societies and laws.
Transport, storage containers, fire hazards, roll effects, and
double-walled vacuum pipes are the primary topics of research
on liquid hydrogen tanks. Based on the International Code for
the Construction and Equipment of Ships Carrying Liquefied
Gases in Bulk (IGC Code), the authors (Choe et al,, 2016; IMO,
2016; Ahn et al, 2017) suggested a structural integrity
evaluation process for Type B LNG fuel tanks. To evaluate
structural safety, they conducted finite element analysis under
various loads.

Divinycell's cryogenic compressive strength, which is utilized in
LNG insulation systems, was experimentally assessed in Work
(Kim et al., 2021). In the study, (Noh et al,, 2017) conducted a
numerical analysis of the technique for evaluating how the
insulating system of LNG tankers reacts to shock loads from
tilting while accounting for the impact of the hull structure's
elastic support. Cryogenic material R-PUF, which is utilized in
LNG tanker cargo storage systems, has recently been the subject
of experimental research (Song et al., 2022).

For membrane-type cargo storage systems subjected to wave
action, work (Afif et al., 2016) established fracture strength
requirements. The strength of these systems was evaluated
using the finite element method, and the findings were
compared with DNV standards. Studies examining the design
assessment of type C tanks for the storage of liquid hydrogen
are, nevertheless, incredibly uncommon. An approach is
presented in work (Jeerh et al, 2021) for calculating the
evaporation rate (ER) in type C tanks at various filling levels.
Finite element analysis was used to calculate evaporation rates,
and the outcomes were contrasted with experimental data. The
impact of waves on heat transmission and the quantity of
evaporated gas production was numerically analyzed in work
(VTT, 2019). Work (Daniel et al, 2022) used commercial
software and common design codes to assess an independent
Type C tank's design thickness. Although a (IGC CODE, 1986)
materials-based optimization was carried out for the design and
use of liquefied hydrogen type C tanks, it did not offer a
comprehensive process for the tank design itself.

The IMO Gas Carrier Code (IGC Code, 2016; updated
MSC.565(108), 2024) classifies independent cargo tanks into
Types A, B and C, as well as membrane structures.

Type C tanks are the standard for liquid hydrogen, as their
pressure vessel design (Po > 2.0 bar) eliminates the need for a
second barrier while ensuring structural integrity. (Kim et al,
2024) developed a structural integrity assessment methodology
for a conceptual design of a liquid hydrogen carrier with a
capacity of 23,000 m?, including seven design loading cases
according to the IGC Code: hydrostatic loads, dynamic
accelerations in three directions, cargo vapour pressure,
external shell vacuum, and thermal stresses during
filling/emptying. The maximum equivalent stress according to
Mises was 272 MPa (localised, permissible according to the IGC
Code), and the stability margin coefficient of the external
vacuum shell was 2.9 at a vacuum pressure of 0.1 MPa.
Cylindrical and spherical Type C tanks are mounted on saddle
supports — one fixed, one sliding to compensate for axial
thermal expansion (AL = 36 mm per 18 m at AT = 276 K). The
supports are made of G-10CR fibreglass gaskets with low
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thermal conductivity (A = 0.29 W/(m-K)), which provide
mechanical strength with minimal heat transfer from the warm
outer shell to the cold inner tank (Ustolin et al., 2022; Kim et al.,
2024).

Development of a structural evaluation procedure for liquid
hydrogen tanks

Because of design elements that strengthen its structure and do
away with the requirement for a secondary barrier, Type C
tanks are regarded as airtight. Because of their benefits, they are
frequently utilized as LNG fuel tanks on ships and are
appropriate for light-duty LNG, ammonia, or LPG carriers
(Liquefied Gas Handling Principles On Ships and in Terminals,
2000).

Two kinds of support structures are employed for spherical or
cylindrical tanks: sliding and fixed. The independent tank is
firmly secured by fixed supports, yet it can expand and
compress as necessary thanks to sliding supports (Wang et al.,
2015).

As seen in picture 1, tanks can have one or two walls. In single-
layer tanks, insulating gaskets are positioned between the
support seat and the tank structure, and the exterior is coated
with insulating material. Vacuum insulation is put in two-layer
tanks, and plastic supports or insulating materials are placed in
between the inner and outer layers. When it comes to pressure
retention, two-layer tanks have an advantage over single-layer
tanks (Rotzer et al., 2020).

Procedure for assessing structural strength. A full process for
determining a Type C tank's strength for liquid hydrogen is
depicted in picture 2. Heat transfer analysis and evaporation
rate computation, structural analysis, loss of stability analysis,
and fatigue and fracture propagation analysis are the several
steps that make up the tank integrity testing methodology
(Alikin., 2005).

Because liquid hydrogen has a temperature of -253°C, heat
transfer analysis is an essential part of the design process for a
C-type tank. Choosing the steel grade for the hull and calculating
heat loads for structural strength analysis are the two primary
goals of this analysis. Heat transfer analysis is also used to
determine the evaporation rate. The ambient temperature
parameters in this instance are different from those that are
utilized to determine the steel grade. While the evaporation rate
is computed under the IMO's warm temperature settings, the
choice of steel is subject to the thermal design conditions
established by the IMO. Complex thermostructural analyses to
examine the thermal connections between the tank shell, the
wooden insulation, and the support structures are necessary to
evaluate the strength of a Type C tank for liquid hydrogen (Kim
etal, 2024).

Thermal and mechanical loads were used in a sequential
conjugate thermal structural computation (Green et al.,, 2023;
Guillen et al., 2023; Lembo et al., 2023; Johansson et al., 2024;
Kristensen & Pedersen, 2024; Kulkarni et al., 2024; Bianchi et
al, 2025; Mikhailov & Sorokina, 2025). Steam and liquid
pressure are included in the design internal pressure. Without
accounting for the stresses from waves, the combined effects of
acceleration and gravity result in liquid pressure. Each tank
component was calculated in the structural study under static
conditions, at 30° roll, under collision conditions, and under
normal running conditions with maximum acceleration.

It was determined using the IGC algorithm how resistant the
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tank was to losing stability under external pressure. The
eigenvalue approach in finite element analysis is used to find the
value of the design external pressure and compute the critical
collapse pressure. Fracture mechanics and crack propagation
considerations are added to the pressure vessel criteria, which
serve as the foundation for the design of an independent Type C
tank. The fatigue strength of the complete tank structure was
assessed. Low-cycle fatigue brought on by thermal loads from
the load and high-cycle fatigue resulting from recurrent loads
during the service life were evaluated in the fatigue study.

The repeated history of loads during the service life is the
primary cause of high-cycle fatigue, with wave loads having a
substantial impact on both independent self-supporting tanks
and conventional ships. Fatigue damage is intimately correlated
with the distribution of stress caused by long-term wave action.
In order to account for real-world environmental
circumstances, direct load analysis and stochastic analysis are
typically used to evaluate the long-term stress distribution
during the design phase (Ejikeugwu et al, 2023; Joshi et al.,
2023; Mansour et al., 2023; Dupont & Lefevre, 2024; Evans et
al., 2024; Fischer et al., 2024; Yilmazer & Altinok, 2024; Chen et
al, 2025; Herrera et al., 2025; Morales et al., 2025). In order to
streamline the process, this study utilizes simplified load
histories based on the Weibull distribution, which is a technique
from international rules (IGC Code; IMO, 1986).

Additionally, because of temperature changes during loading
and unloading, hydrogen cargo tanks undergo thermal stresses
both inside and outside. It is important to evaluate low-
frequency fatigue in addition to high-frequency fatigue since
stress ranges might be extremely high even with a small number
of cycles (Zhou et al,, 2014).

For regions subjected to high stresses under recurring static
loads, low-frequency fatigue is typically taken into account. An
analysis based on fracture mechanics is required for crucial
places in the tank design with significant dynamic stresses.
According to the fracture mechanics approach, the idealized
crack spreads according to the range of the stress intensity
component (Tomioka et al,, 2011).

To verify the integrity of the construction, an analysis of fatigue
fracture propagation for the tank skin and internal structure
was carried out. Crack propagation was evaluated from the first
crack to the critical size. For the investigation of crack
propagation, regions with large concentrations of stress or
substantial fatigue damage were chosen.

Based on the results of parametric optimisation (Naquash et al.,
2024) determined that 40-layer MLI with silk mesh spacers
provides a heat flux of 1.01 W/m? and an evaporation rate of
0.01-0.05%/day for a 500-litre tank. (Yin et al, 2024)
confirmed in their review of insulation technologies that glass
bubbles combined with MLI are preferable to perlite: their
apparent thermal conductivity at high vacuum is 15-22% lower,
and their bulk density is lower, which reduces the load on the
structure. Multi-layer insulation (MLI) — a set of reflective
screens made of aluminium foil or metallised Mylar alternating
with silk mesh or fibreglass spacers under deep vacuum (< 10™*
mbar) — recognised as the most effective passive thermal
insulation for cryogenic liquid fuel tanks.

Combining sprayed polyurethane foam insulation (SOFI) as a
backing layer with MLI in a vacuum space reduces assembly
pressure and increases the vibration resistance of the structure.
Vapour-cooled screens (VCS) use the heat capacity of the
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outgoing cold hydrogen vapour stream to intercept heat flow at
an intermediate temperature level, reducing the total heat
influx. (Liu et al,, 2023) showed that increasing the diameter of
VCS pipes reduces heat flux by 32%, and doubling the number
of pipes reduces it by 49%.

(Ghaffari-Tabrizi et al, 2022) from the German Aerospace
Centre (DLR, Austria), using the EcoSimPro/ESPSS platform,
found that pre-cooling the receiving tank with liquid nitrogen
before refuelling reduces evaporation losses during bunkering
by approximately 30%. This result has direct implications for
the design of liquid hydrogen bunkering facilities in European
and Caspian ports.

Numerical model of a marine vessel for transporting liquefied
hydrogen

The vessel under study is a marine tanker for the transport of
liquefied hydrogen. Here, x is the longitudinal distance between
the center of the vessel and the tank's center of gravity (CG), y is
the lateral distance between the centerline and the tank's center
of gravity, and z is the vertical distance between the actual
waterline and the tank's DH. In most cases, coefficient K is
assumed to be 1.

For specific loading conditions and enclosure shapes, the value
of K defined as K=13GMB/B, where GM - metacentric height,a B
- width of the vessel.

The inner and outer tanks, as well as the inner supports (which
are composed of GRE G-10 material) and the exterior supports,
are the primary parts of the tank that is being studied, as
illustrated in Figure 1. The fiberglass-epoxy composite material
GRE G-10—is widely utilized in many different industries
because of its special qualities, which include high strength,
chemical resistance, and strong electrical performance. Glass
Reinforced Epoxy, or "glass fiber reinforced epoxy composite,"
is what GRE stands for. Due to its exposure to extremely low
temperatures and high internal pressures, the inner tank is the
most crucial component.

The outer tank has vacuum insulation filled with glass bubble
material and is made to safely enclose and shield the inner
citstern. The support that connects the inner and exterior tanks
is composed of epoxy resin strengthened with glass. The
exterior tank and saddles are joined by welding, and the entire
tank structure is supported by two saddle supports. The tank's
length is 31,500 mm, while the cylindrical portion's diameter is
roughly 18,000 mm. The vessel's four liquid hydrogen storage
tanks, each with a 5,750 m? capacity, are its primary features.

outer stiffening ring

outer tank

steel foundation spacer

inner tank

support base

Figure 1. Finite element model of the target cargo tank
(Tomioka et al., 2011).

A global finite element model was created using four-node shell
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elements for tank and saddle structures, eight-node volumetric
elements for a GRE spacer, and contact elements for interactions
between the tank, GRE spacer and saddle supports. The shell
elements’ dimensions of 100 mm by 100 mm guarantee
convergence to the rated voltage determined by applying the
formula for the circumferential tension in a cylindrical shell.
External and internal tanks made of SUS304L stainless steel.
The spacers are composed of GRE G-10 material, while the
saddles are made of mild steel.

Because it is subjected to extremely low cryogenic temperatures
and tremendous internal pressure, the internal tank is the most
crucial component of the tank in issue. An exterior tank was
created to encircle the internal container for its secure
preservation. Glass microspheres are placed into the vacuum-
insulated exterior tank. Glass fiber-reinforced epoxy composite
supports were used to connect the inner and exterior tanks. The
exterior tank and saddle were welded together, and the entire
tank construction was supported by two saddle supports.

As recommended by the International Maritime Organization,
the ambient temperature for the heat transfer analysis was set
at 5°C. The temperature of liquid hydrogen was -253°C, and the
heat transfer coefficient under natural convection was
estimated to be 5 W/m? K. The thermal boundary conditions are
depicted in full in Figure 2a. As shown in Figure 2, all degrees
of freedom in the underside assembly of the saddle supports
fastened to the vessel's hull were fixed. B. By defining the
coefficient of friction between the spacer and the tanks, the
contact conditions were also considered in order to assess the
impact of contact and potential sliding between them.

heat transfer coefficient = 5 W/m*K

ambient condition: 5'C

constraint
— fixed

b)
Figure 2. Boundary conditions for the CE target mode. a)
Thermal boundary b) Structural boundary

Determining design loads is necessary when designing a type C
liquid hydrogen tank. The density of the materials employed
and the acceleration of gravity are taken into consideration
when calculating the tank's dead weight as an inertial load. The
inside tank experiences an internal load from the vacuum
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insulation system's low-temperature vacuum pressure, while
the outer shell experiences an external load. Assuming that the
ambient temperature is -5°C and the design temperature of
liquid hydrogen is -253°C, thermal loads were acquired from
steady-state heat transfer calculations to compute the
temperature distribution over the entire tank and its support
structures. To evaluate the impact of mechanical and thermal
loads on the tank's integrity, the temperature distribution
findings from the thermal analysis were incorporated into a
structural analysis model. For the design of type C tanks, the IGC
Code makes use of conventional pressure vessel calculation
methods, fracture mechanics, and crack propagation criteria.
The following formulas are used to calculate the minimum
design vapor pressure.

Py = 0.2 + AC(p,)*5 (MPa) (1)

Um
A= 0.00185(5 %) @)

The acceptable dynamic membrane stress AcA is 25 MPa for
aluminum alloys and 55 MPa for ferrite-pearlite, martensitic,
and austenitic steels. The hydrostatic pressure from partially
full fresh water plus 1.5 times the steam pressure constitute the
tank test conditions. The longitudinal acceleration in an
emergency accident simulation is set to half the acceleration of
gravity (9.81 m/s?).

There are various methods to ascertain dynamic loads,
including using accelerometers on a full-scale vessel to measure
accelerations, doing a seaworthiness investigation, or testing
models. The acceleration components in this study are
computed using the IGC Code recommendations, which
correspond to a probability level of 1078 for the conditions
pertaining to the Eurasia and Central Asia basins.
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The highest dimensionless accelerations (in relation to the
acceleration of gravity) in the respective directions are
indicated by the ax, ay, and az. Static weight is not taken into
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consideration by the az component; ax contains static weight
longitudinally owing to trim, and ay includes static weight
transversely due to roll.

Calculated load cases. Itis necessary to ascertain all design loads
while creating a type C tank for liquid hydrogen. Tank tare
weight is regarded as an inertial load, accounting for both the
density of the materials and the acceleration of gravity. The
internal reservoir is internally loaded by the insulation system's
low temperature vacuum pressure. Every load scenario listed in
the IGC Code is considered when evaluating a tank's structural
integrity.

Acceptance criteria. A pressure vessel is a separate kind C tank
used to transport liquid hydrogen. In compliance with the IGC
Code and other globally recognized requirements for pressure
receptacles, the structural stress analysis findings were
assessed to ascertain the yield strength. The computed stresses
should not be more than the corresponding allowable values
listed in Table 1 for designing such tanks.

Table 1. Permissible voltage value for type C tanks for liquid

hydrogen (Liquefied Gas Handling Principles On Ships and in

Terminals, 2000)
Voltage designation

Acceptable voltage value

om <f
oL <1.5f
ob <1.5f
oL+cb <1.5f
om+cb <1.5f
om+cb+og <3.0f
oL+cb+og <3.0f

Here, f stands for the computed allowable voltage, which is
computed as f = min (Rm/A, Re/B), where Re is the minimum
yield strength at room temperature. If there is no discernible
yield strength in the "stress-strain" curve, a conditional yield
strength of 0.2% strain is used. The minimum room
temperature temporal resistance, or Rm parameter, is shown in
Tables 2 and 3.

Table 2. Values A and B for calculating the permissible voltage

Nickel steels and carbon- Austenitic Aluminum

Parameter
manganese steels steel alloy
A 3.0 3.5 4.0
B 1.5 1.5 1.5
Table 3. Acceptable stresses of the material
— ~
2] © o) < — — L =
) A
5 S £f £ wf s5E €%
] = xS = w2 mg g2
SUS304 175.0 480.0 116.7 175.0 350.0 157.5
Carbon steel 235.0 400.0 114.3 171.0 343.0 2115

Theromostructural modeling of the design of a tank for liquid
hydrogen

Heat transfer analysis. Two phases of thermostructural study
were completed. The temperatures of the structural elements
were ascertained at the first step by heat transfer modeling, and
at the second stage, structural analysis was conducted while
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accounting for all other mechanical loads and the thermal loads
discovered at the first stage. The findings of a heat exchange
analysis for a liquid hydrogen tank (LH,) are shown in Figure 3.
A minimum temperature of -253°C was noted on the internal
reservoir that is in direct contact with LH2, while a maximum
temperature of 3.3°C was noted on the saddle support. Because
steel has a strong thermal conductivity, the steel base connected
to the inner tank attained the same temperature as liquid
hydrogen. Due to the vacuum insulation provided by glass
bubbles in the annular area between the inner and outer tanks,
the structure surrounding the inner tank experienced very little
change in temperature. However, as Figure 3 illustrates, the
struts, which are composed of GRE G-10 material with
extremely poor thermal conductivity, were exposed to the
largest shift in the thermal gradient.

Figure 3. Summary of the heat transfer analysis's findings

structural evaluation. The LS-DYNA program was used for the
structural study in order to assess the tanks' displacement and
the stresses produced under various loads

The total of the most important stresses—local, bending, and
secondary stresses—as well as the associated allowable values
are provided. Even for LC7, the optimal hydrostatic test
circumstances, the final stress is not above 90% of the allowable
value specified in the IGC Code, and all stress components
satisfy the requirements. The cargo tank's existing design and
its supports meet the IGC Code's yield strength standards.

Von Mises equivalent voltages were computed for each of the
seven load scenarios that were examined. A flow test was
carried out for every part, including the two saddle supports and
the inner and outer reservoirs. Emergency collision scenarios,
which are thought to be the most loaded of all, were used to
create stress contours. The loads operating on the interior tank
are most affected by the internal pressure, which comprises
steam pressure, cargo pressure, and cold vacuum pressure. For
instance, the internal tank's primary membrane voltage of 112
MPa is less than the allowed limit of 116.7 MPa. Stresses have
developed at the intersection of the inner tank and the steel
support as a result of the inner tank compressing due to a high
temperature gradient. The region where the steel support is
fastened to the interior tank exhibits a maximum stress of 272
MPa. Because it is assessed in a crucial location and is brought
on by the combined effects of thermal and other mechanical
loads, this stress is categorized as localized.

Description of the stability loss of tanks
When subjected to external pressures and other stressors that

result in compressive stresses, cylindrical shells and
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torospheric or ellipsoidal bottoms are typically susceptible to
the requirements for loss of stability analysis. With finite
element eigenvalue (FEM) analysis, many buckling modes can
be identified. Furthermore, two FEM techniques can be used to
establish the critical tank loss pressure: a post-critical stability
study with an imposed initial error and a linear loss analysis
(eigenvalue analysis).

In order to determine the eigenvalues corresponding to loss of
stability modes, linear loss of stability analysis (also known as
eigenvalue analysis) necessitates the use of a unit distributed
load and the elastic properties of the tank material. In general, a
crucial buck load is represented by the first buck mode with the
lowest eigenvalue.

However, in order to account for notable variations in the tank
geometry, a post-critical stability analysis should be carried out.
This will necessitate both the material's elastic-plastic qualities
and a distributed load applied to the tank while accounting for
the current variations. Real measurements, manufacturing
tolerances, or stability loss forms derived from eigenvalue
analysis can all be used to calculate the deviation field.

In this investigation, linear stability loss analysis was used to
assess the exterior tank's stability loss strength at a vacuum
pressure of 0.1 MPa. The FEM results indicated a safety factor of
2.9 and a critical buckling pressure of 0.29 MPa, which are in line
with the IGC Code's specifications.

Calculation of the evaporation rate of liquid hydrogen from tanks
The rate of evaporation and loss of liquefied gases, such as LNG
or liquefied hydrogen (LH), from tanks or cargo compartments
is reflected by evaporation, which is a common technique in the
transportation of liquefied gases. The amount of gas that
evaporates in a specific amount of time is known as speed
isarenia, and it is often represented as a percentage per day.
This parameter has a major impact on the economic viability
and efficiency of gas management when it comes to the design
and operation of ships or storage facilities (Demir & Kaya, 2023;
Joshi et al, 2023; Pinto & Sousa, 2023; Wilson et al, 2023;
Adams et al.,, 2024; Csep et al., 2024; Karimov & Rakhimova,
2024; Morozov et al., 2025; Chen et al., 2025; Romero & Campos,
2025). Evaporated gas is created when liquefied gases
evaporate at temperatures higher than the boiling point. Heat
gain is the primary cause of evaporating gas generation on ships,
although there are other contributing factors as well. Since heat
inflow into cargo tanks is the only source of evaporating gas
production, the evaporation rate in this study was determined.
The following formula can be used to get the evaporation rate,
which is the proportion of liquid hydrogen that evaporates daily
in relation to the original amount of liquid hydrogen loaded.

BOR = _ 2 Qrear X 3600 X 24 X 100% ®)
PLH2xV ;g%
Queax = UAAT ®

FEM was used to determine the heat loss to the cargo tank by a
local steady-state heat transfer analysis. The air and seawater
temperatures were assumed to be 45°C and 32°C, respectively,
to create a warm atmosphere in accordance with IMO
requirements. To move heat from the surroundings to the
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external reservoir, a convection heat transfer coefficient of 5
W/m?K was used. Solid-state components were used to mimic a
vacuum insulation system with a thermal conductivity of 0.0018
W/m K and fiberglass spacer elements (GRE) with a thermal
conductivity of 0.29 W/m K.

The particular requirements for evaporation rates vary
depending on the kind of cargo transported, the mode of
transportation, the storage facility's layout, and the vessel type.
For instance, the evaporation rate for ships transporting LNG is
typically computed every day and might vary in percentage
every day based on the ship's operation and construction. There
are currently no generally recognized norms for evaporation
rates for other kinds of cargo, such as liquid hydrogen, and
related regulations and standards are in development. Since
liquid hydrogen evaporation has a major impact on
transportation efficiency, the evaporation rate is very crucial.
Therefore, one of the main challenges in designing ships and
storage facilities for the transportation of liquid hydrogen is
minimizing the rate of evaporation.

The heat flux determined for the inner tank and the distance
elements can be extended over the whole region to determine
the total heat flux. Eq .8 can be used to calculate a given tank's
evaporation rates. This study's method for -calculating
evaporation rate is an example, and the projected figure for a
genuine type C tank might be greater. Although additional heat
inflows through the liquid dome, pipe inlets, and hatches may
occur under actual operating conditions, this analysis only took
into account heat loss through insulation and spacer elements
from GRE. Consequently, more precise calculations that account
for all potential sources of heat flow into the liquid hydrogen
tank are required for the actual design.

Digital modelling (Kavin et al, 2025) showed that BOG
production from a cylindrical liquid hydrogen tank with a
volume of 5.6 m? varies by up to 28% depending on seasonal
environmental conditions. For routes through the Caspian
Basin, where air temperatures range from -10 °C in winter to
+45 °C in summer, this makes active thermal management
systems a mandatory element of any regional liquid hydrogen
carrier's project.

The BoilFAST software tool (Petitpas, 2022), verified using test
data from a 125 m?® liquid hydrogen tank at the NASA Kennedy
Space Centre test site, allows self-superheating and cargo losses
to be calculated for tanks of arbitrary shape using NIST
equations of state. The simulation results show that for a 20,000
m? shipboard liquid hydrogen tank with 80-layer MLI, zero
evaporation can be achieved by using an integrated
refrigeration and storage (IRAS) system based on the Brighton
cycle. The integration of a recondensation unit can reduce daily
cargo loss by at least 38.7% (Ustolin et al., 2022).

Simulation of crack propagation along the walls of liquid
hydrogen tanks

In regions where fracture identification is challenging or where
there are structural flaws, the integrity of the structure can be
evaluated by examining the propagation of cracks. This
technique, sometimes referred to as "fracture mechanics
analysis" or "Critical Engineering Assessment (CEA)," is used to
evaluate an object's durability and structural integrity. This
method is mostly applied to nuclear reactors and airplanes, and
cryogenic cargo tank design also takes damage resistance and
leakage-to-fracture theory into account. The KIO considers the
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strength and viscosity of the material, internal and external
loads, the length and depth of the fracture, residual stresses
from welding, and the assumption that there is a crack in the
weld zone. Additionally, the fractured joint is assessed using a
fracture assessment diagram (FAD) that considers the features
of both load and viscosity. The crack opening parameter (COP)
is commonly employed for viscosity assessment.

This study may be used to estimate the long-term voltage that
corresponds to the vessel's service life (i.e., probability level
(108)). Eq. 10 was utilized to compute the simplified long-term
stress distribution using the modified Weibull distribution.

AO'L'
logio Ny =8 (10X 70 (10)

To remove the impact of the stress sequence on the fracture
propagation lifespan, the entire stress spectrum was split up
into 20 groups. It was believed that the fatigue crack's
propagation route would be perpendicular to the direction of
the primary stress. The stress range, fracture size and shape,
and geometry were used to calculate the stress intensity factor
range. The stress intensity factor for a surface fracture was
estimated using the International Institute of Welding (IIW)
standard or its equivalent. The maximum principal stress found
in the structural analysis results was used to calculate the stress
range.

da/dN [(3.78
x [10] ~(=9) ( [AK]
_Ireff)"3.07 (AK_th

< [aKk] (an
IreffNNC 0 (AK_th
> [AK] _I*eff)]%
Ak — 55 forR<0
=552 forg<R < 1.0 (12)
[AK] I eff
= [(K_max "for"R (13)
< 0)I(1/(1 — 0.3472R) (K_max
— K_min) "for0 <"R < 1.0 )]
Kinax = max(KE, K7 + KP), Kpin (14

=min (KE,KP + KP)

To analyze the propagation of a surface crack, it is necessary to
set the initial length and depth of the crack.

For a semi-elliptical surface crack of depth a and half-length c in
a cylindrical shell of wall thickness t and inner radius R, the
Mode I stress intensity factor at the deepest point (¢ = 1/2) is
given by the Newman-Raju solution:

KI= (o,h-Fh+ob:Fb): V(m/Q (15

where o_h is the hoop membrane stress, o_b is the bending
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stress (from thermal gradient), F_h and F_b are geometry
correction factors depending on a/t, a/c, R/t, and the elliptic
integral Q. For LH; tanks, 6_h = P-R/t (typically 60-120 MPa at
Po = 7 bar) and o_b arises predominantly from the chill-down
thermal gradient.

The critical finding from (Kim et al. 2024) is that the combined
loading (mechanical + thermal) raises the effective SIF by
approximately 30% compared to pressure loading alone, and
that pre-existing weld flaws as small as 2 mm can approach the
fracture toughness threshold K_Ic within the 107-cycle design
life required by the IGC Code.

European research is characterised by strong experimental
foundations (Ogata-equivalent data from Norwegian and
Belgian institutes), advanced multi-physics coupling (Alvaro et
al's CZM at NTNU), and a focus on the physical mechanisms of
hydrogen embrittlement at the atomistic scale. The most
comprehensive contribution is the (Depover et al. 2024) review
in Chemical Reviews (IF = 72.1), co-authored by researchers
from DTU Denmark, NTNU Norway, and Universidad de Burgos
Spain. This work establishes that (i) hydrogen-assisted cracking
is governed by HEDE and HELP mechanisms with temperature-
dependent competition; (ii) fracture toughness K.Ic for
hydrogen-charged SUS316L shows a minimum at -80 °C (worst
case); and (iii) no standardised cryogenic HE test method at 20
K exists in ISO/ASTM, creating a critical gap in material
certification for LH, tanks.

China is the most prolific contributor to phase-field and XFEM
crack simulation of hydrogen vessels, driven by the country's
rapid expansion of hydrogen infrastructure. (Chen et al., 2022)
established the benchmark hydrogen-coupled PFM for
SUS316L, while (Wang et al.,, 2024) demonstrated the critical
importance of the H-diffusion-fracture coupling at realistic H,
partial pressures. (Lv et al,, 2021) provided the first quantitative
XFEM assessment of weld residual stress effects, showing a 3-
5x reduction in fatigue life compared to residual-stress-free
predictions. (Zhu et al, 2023) extended CZM to coating
delamination, relevant to the thermal insulation layers of LH,
tanks.

(Inal & Zincir.,, 2022) from Istanbul Technical University (ITU)
applied risk assessment and fragility curve methodology to LH,
tanks for maritime applications, identifying weld toes, nozzle
junctions, and saddle support contact zones as the three
highest-priority locations for crack monitoring. While their
analysis was based on simplified FEA rather than full XFEM or
PFM, it provides the structural risk framework within which
detailed crack propagation simulations should be interpreted —
and explicitly addresses the loading environment of closed-sea
operations relevant to the Caspian basin.

(Yilmaz et al., 2023) from METU Ankara made the first XFEM-
thermomechanical crack simulation specifically targeting LH,
cryogenic vessels with combined pressure and thermal loading.
Their finding that LN, pre-cooling generates 40% higher crack
growth rates than isothermal pressure cycling has direct
practical implications for pre-delivery inspection protocols of
LH, tanks. The authors recommend that post-weld NDT
inspection sensitivity thresholds be revised downward to detect
crack-like flaws as small as 1.5 mm in the presence of
anticipated chill-down stress states.

(Ustolin et al, 2022) provide the most detailed fracture
mechanics assessment of LH, maritime tank welds,
recommending that any pre-existing weld flaw larger than 5
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mm depth should be treated as a critical defect and subjected to
proof testing before LH, service. Their analysis uses the
R6/BS7910 failure assessment diagram (FAD) approach, which
simultaneously accounts for both brittle fracture (K.r
dimension) and plastic collapse (L_r dimension).

(Barthelat & Rabiei 2023) demonstrated the importance of
mixed-mode loading at weld toes, where the presence of Mode
Il shear — generated by differential thermal expansion between
the weld bead and base metal — increases the effective crack
driving force by 30-35% above the pure Mode I value. This
finding implies that mixed-mode fracture toughness (K_Ic under
mixed I+II loading) must be measured and incorporated in
fracture assessments of LH, tank welds.

CONCLUSION

1. Work has been carried out to develop innovative models of
specialized marine vehicles for transporting hydrogen, ensuring
safety and efficiency of delivery. A thorough approach for
evaluating the structural integrity of type C tanks used to store
liquid hydrogen is being developed. The IGC code, a crucial
standard for cryogenic cargo ships, was used to establish design
loads. Thermostructural analysis was carried out, including the
calculation of thermal loads, assessment of yield strength and
resistance to loss of stability, and a method for determining the
rate of hydrogen evaporation (BOR) was proposed.
Additionally, a simplified approach to the analysis of high-cycle
and low-cycle fatigue has been developed. A fracture
mechanics-based crack propagation analysis process is
presented that can be used as needed. The methodology was
tested on the conceptual design of a hydrogen tanker with a
capacity of 23 thousand cubic meters, and its applicability was
confirmed.

The developed approach allows you to select the brand of
materials, changing only the thermal design conditions (for
example, in accordance with the requirements of IMO and
USCG). Because the area between the inner and outer tanks is
vacuum-insulated, temperature variations close to the inner
tank are negligible. The region of the dividing elements had the
greatest temperature gradient. In structural analysis, the
computed thermal loads were utilized to take liquid hydrogen's
thermal effects into consideration.

The evaluation of the strength of the structure according to the
IGC requirements included the analysis of seven calculation
cases. The maximum stresses recorded at the critical point were
found to be local and were caused by a combination of thermal
and mechanical loads.

Analysis of resistance to loss of stability using the linear
eigenvalue method showed a safety factor of 2.93, which
indicates sufficient resistance of the external tank to vacuum
pressure. The calculation of the hydrogen evaporation rate was
carried out based on the assumption that the thermal leakage is
the only source of evaporation. Additional sources of thermal
input, such as the tank dome, piping and hatches, can be
considered during the detailed design phase. A method for
examining low-cycle fatigue brought on by temperature
changes during loading and unloading as well as high-cycle
fatigue brought on by inertial loads during tank acceleration has
been devised. For a thorough evaluation of the tank's structural
dependability, a fracture mechanics-based examination of crack
propagation was also carried out.
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In accordance with the IGC code, the study examines the tank
design approach and suggests an integrated technique that can
be used with liquefied hydrogen tanks. The method's practical
usefulness was validated by applying it to Type C tanks. The
work highlights the need to create special procedures that take
into account the characteristics of liquefied hydrogen, since
there are currently no clear regulatory requirements for
hydrogen tanks on ships.

2. Work was carried out to develop the concept and design of
specialized ships and containers for transporting green
hydrogen across the Caspian Sea.
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