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Abstract

The decarbonization of commercial aviation has renewed interest in hydrogen

as an alternative energy carrier, with onboard storage emerging as a critical

enabling technology. This thesis presents a comprehensive framework for the

conceptual design, high-fidelity modelling, and multidisciplinary optimization

of liquid hydrogen pressure vessels for aircraft integration.

The proposed approach focuses on a passively insulated sandwich-composite

architecture, aiming to simultaneously maximize gravimetric efficiency and

minimize boil-off losses under realistic operational and integration constraints.

A computational tool is developed that couples multiphysics finite-element

thermo-mechanical modelling with nonlinear, constraint-based multidisciplinary

optimization. The framework explicitly accounts for standardized safety fac-

tors, cryogenic thermal loads, internal pressurization, material failure criteria,

and pragmatic design features, including non-spherical end domes, refuelling

cutouts, anti-sloshing baffles, and fuselage integration constraints.

The exploration of the optimized design space demonstrates that all-metal

tank configurations are intrinsically penalized by structural mass, yielding

gravimetric efficiencies below 30%. In contrast, composite-based architectures

with metallic liners achieve gravimetric efficiencies approaching 50%, with over-

all tank mass reductions of up to 57% relative to whole metallic counterparts,

even when realistic integration features are included. Scaling effects are inves-
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tigated, highlighting the influence of tank size and geometry on both thermal

and structural performance.

Finally, the optimized storage systems are integrated into a sustainable air-

craft concept to assess system-level implications and identify pathways to miti-

gate the performance gap with conventional kerosene-fuelled aviation. Beyond

design optimization, the results provide quantitative insights relevant to fu-

ture certification activities, supporting the development of physically grounded

methodologies for the safe introduction of liquid hydrogen storage in commer-

cial aircraft.
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Chapter 1

Introduction

In recent years, the pursuit of sustainability and zero-emission propulsion has

become of primary importance, as global warming represents a critical chal-

lenge, with severe implications for economies, industries, and social well-being.

Aviation plays an essential role in modern society, being the only transport

mode capable of moving people and goods worldwide within a single day. In

2016, it generated $2.7 trillion in economic activity and supported 65.5 million

jobs, corresponding to 3.6% of global gross domestic product [10]. At the same

time, however, the sector has a notable environmental impact.

Although aviation contributes only for 2− 3% of global anthropogenic car-

bon dioxide (CO2) emissions, it remains difficult to decarbonize due to long

development cycles and strong reliance on fossil fuels. Alarmingly, its annual

pollutant emissions share is expected to rise with increasing demand for air

travel [11], as highlighted in Fig 1.1.

Apart from carbon dioxide, aviation also emits water vapor, nitrogen ox-

ides (NOx), unburnt hydrocarbons, carbon monoxide (CO), particulate matter

(PM), and sulphur dioxide (SO2) [12]. Thus, to align with current global cli-

mate protection policies, low and ideally non-pollutant means of propulsion in

17
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Figure 1.1: Historical and projected international aviation CO2 emissions under

current policies and Paris-aligned scenarios. Adapted from Ref.[1]

the aeronautical industry are being studied.

Among the proposed strategies, operational measures such as enhanced

air traffic management and optimized flight trajectories and scheduling [13]

provide short-term reductions in aviation emissions, but do not address the

problem comprehensively. Likewise, the adoption of lightweight and sustain-

able materials, including advanced thermoplastic composites [14], can decrease

fuel consumption in the near term and improve recyclability prospects in the

long run. In this landscape, innovative aircraft configurations, such as the

blended-wing-body (BWB) [15] and Flying-V [16], are being investigated for

their aerodynamic efficiency and associated emission reductions, though their

adoption would require significant changes in industrial expertise and regula-

tory standards.

Beyond these approaches, alternative energy carriers are gaining increasing

attention as potential substitutes for petroleum-derived fuels. Electrochemical

energy carriers, such as batteries, offer the prospect of clean and quiet propul-
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sion, but their limited gravimetric energy density and life-cycle sustainability

concerns currently restrict their applicability to short-range aircraft. Ammonia

(NH3), another carbon-free option, can be stored in liquid form at moderate

conditions but its high toxicity raises severe handling and safety challenges that

constrain its attractiveness [17]. Greater near-term feasibility is generally as-

sociated with sustainable aviation fuels (SAFs), derived mainly from biomass

and organic waste and sharing many physical and chemical properties with

kerosene [18]. While SAFs provide a transitional solution largely compatible

with existing infrastructure, questions persist regarding their cost, production

scalability and long-term environmental impact.

1.1 The case for hydrogen

Hydrogen (H2) is driving interest as an energy carrier due to its virtually

unlimited availability [19], its appealing gravimetric energy density [5], and

clean combustion characteristics, resulting in zero carbon dioxide (CO2) direct

emissions [20]. Nonetheless, while being the most abundant element in the

universe, hydrogen is not found in its gaseous or liquid forms on planet Earth,

being mainly found in combined stable forms with water and hydrocarbons,

from which it can be obtained upon energy absorbing processes [21].

Hydrogen is generally regarded as a safe and environmentally friendly fuel,

although its overall impact strongly depends on the production methods, clas-

sified by colour according to the associated carbon emissions:

• Grey hydrogen is obtained through methane steam reforming, the most

affordable but CO2-intensive process;

• Blue hydrogen also relies on steam reforming, but incorporates carbon

capture and storage;
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• Green hydrogen is produced by water electrolysis powered by renewable

energy, offering the lowest emissions but at the highest cost due to its

energy intensity [22].

Since all processes are highly energy-demanding, large-scale adoption of hy-

drogen as fuel would require substantial electricity grid upgrades, estimated at

about 1.6 times current capacity [23].

Nonetheless, the interest in H2 adoption is not driven solely by environ-

mental considerations. A complementary motivation is associated with en-

ergy security and the reduction of dependence on geographically concentrated

fossil-fuel resources. Indeed, the first wave of studies on hydrogen aviation

emerged in response to the petroleum crises of the 1970s, when the vulnera-

bility of air transport to oil availability and price volatility became evident,

and the prospect of a “Hydrogen Economy” was proposed as a possible path-

way to reduce reliance on petroleum-based fuels [24]. Today, similar concerns

are re-emerging in the context of geopolitical instability and disruptions to

international energy supply chains. In this respect, hydrogen offers an addi-

tional strategic advantage, as it can be produced from water, hydrocarbons,

biomass, or other hydrogen-containing feedstocks through different conversion

pathways [19, 21]. Provided that adequate primary energy and infrastructure

are available, such production routes could be deployed in a distributed man-

ner, thereby contributing not only to the decarbonization of aviation, but also

to improved fuel-supply resilience and reduced dependence on imported fossil

resources.
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1.2 Early attempts at hydrogen-powered avia-

tion

The concept of using hydrogen in aviation is not new. As a matter of fact, H2

has a rich history in aviation, beginning with its use in lighter-than-air vehicles

such as balloons and rigid airships, and enabling the operation of large early

20th-century Zeppelins [25].

A milestone was reached when the United States Air Force demonstrated

the first liquid-hydrogen-powered flight using a modified B-57 bomber. Subse-

quent developments included the Lockheed CL-400 supersonic reconnaissance

aircraft in the 1950s and, later, the Soviet TU-155 in the 1980s, a derivative of

the TU-154 airliner equipped with a hydrogen-fuelled engine [26]. Schematics

of the B-57 and Tu-155 are provided in Fig.(1.2). These test campaigns con-

firmed the technical feasibility and potential benefits of hydrogen propulsion,

but also highlighted major technological and logistical barriers, notably the

requirement to ensure liquid hydrogen availability at airports in parallel with

conventional kerosene infrastructure [27].

In the early 2000s, the European Union launched the Cryoplane Project,

which systematically assessed liquid hydrogen integration into various aircraft

configurations. The study demonstrated the feasibility of hydrogen-fuelled avi-

ation, while underscoring the penalty associated with fuel storage: the study,

in fact, highlighted that H2 tanks must be about four times larger than their

kerosene counterparts, significantly influencing aircraft design and integration

strategies [28].
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Figure 1.2: Examples of early attempts at hydrogen-powered aviation: the B-57

Canberra (left) and the Tupolev Tu-155 (right). Adapted from Ref.[2].

1.2.1 Onboard hydrogen storage

Both the appeal and challenges of H2 in aviation stem from this fuel unique

properties. Hydrogen has a gravimetric energy density about three times

higher than conventional jet kerosene (120MJ/kg vs. 43.2MJ/kg) and its com-

bustion produces no CO2 [20], making it particularly attractive for meeting

environmental targets. It is highly flammable, igniting faster than kerosene,

and exhibits a wider flammability range. Its high thermal conductivity, heat

capacity, and low viscosity provide excellent cooling capabilities at high speeds

and combustor temperatures [29]. Moreover, it is the only energy carrier that

can be produced on-site through carbon-free processes such as gasification,

pyrolysis, or biomass-based steam gasification [30].

However, under standard conditions, its volumetric energy density is quite

low (10.1MJ/L vs. 33MJ/L for kerosene), requiring about four times the vol-

ume and peculiar storage conditions, which complicates the spatial integration,

i.e. accommodating passengers, payload, structures, and fuel within feasible
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aircraft layouts [31]. Tab.(1.1) reports a comparison of the key properties

between Jet A-1 and liquid hydrogen.

Table 1.1: Properties comparison between traditional aviation kerosene and liquid

hydrogen at standard conditions.

Property Jet A-1 Liquid hydrogen

Energy density [MJ/L] 33 10.1

Specific energy [MJ/kg] 43.2 120

Storage temperature [K] ambient 20

1.2.2 Aircraft layout considerations

Given the low volumetric energy density of H2, hydrogen-powered aircraft re-

quire substantial modifications compared to conventional designs [32], with

one of the most significant differences being the integration of dedicated fuel

tanks and systems. In fact, while engines can be adapted to operate on hydro-

gen with relative ease [5], the fuel storage and distribution systems must be

entirely redesigned, including pipes, pumps, seals, and valves, to accommodate

the unique physical properties of this energy carrier [22].

In kerosene-powered aircraft, fuel is commonly stored within the wings, a

solution that offers several advantages: it maximizes fuselage space, simplifies

the fuel system layout, and generates a favourable bending moment at the wing

root that counteracts lift, thereby reducing wing-box structural requirements.

Hydrogen tanks, by contrast, cannot efficiently be accommodated within the

wing structure [31], necessitating the exploration of alternative configurations.

For this reason, hydrogen storage tanks are regarded by both industrial

and academic stakeholders as one of the main enabling technologies, as these

systems must minimize penalties in terms of aircraft safety, efficiency and
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operating costs in order to make this fuel a viable solution to the environmental

problem in aviation.

1.2.3 Gaseous hydrogen storage

As previously discussed, H2 inherently low volumetric energy density neces-

sitates dedicated storage strategies to achieve fuel densities compatible with

aircraft applications. One such approach consists of compressing hydrogen gas

to pressures on the order of 350–700 bar [33]. Increasing the storage pressure

leads to higher gas density and, consequently, improves the volumetric fuel en-

ergy density, making gaseous hydrogen progressively more viable as an energy

carrier.

Compared to liquid hydrogen systems, gaseous hydrogen tanks benefit from

reduced system complexity. Indeed, since GH2 is stored at ambient or near-

ambient temperature, thermal management is not a critical design driver,

which simplifies both the tank architecture and the associated subsystems.

Nonetheless, the extremely high pressures required for GH2 storage demand

extremely robust pressure vessels. As a result, current aerospace-grade gaseous

hydrogen tanks exhibit gravimetric indices that generally do not exceed 15%.

As it will be clarified later in Sec. (3.1.3) where the gravimetric efficiency is

defined, this means that more than 85% of the total system mass is associated

with the storage vessel and its structural components rather than with usable

fuel itself. Such poor gravimetric performance directly penalizes aircraft range

relative to conventionally fuelled counterparts, thereby limiting the practical

application of GH2 primarily to small aircraft where range requirements are

less stringent. Although increasing pressure improves volumetric energy den-

sity, identifying an optimal pressure level requires careful trade-off analyses

between stored fuel mass and tank structural mass [34]. The relationship be-
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tween fuel density and gravimetric efficiency is strongly pressure-dependent:

while very high pressures enable high storage densities, they simultaneously

induce a marked degradation in gravimetric efficiency, which decreases rapidly

as pressure increases.

The high operating pressures of GH2 tanks require structures designed not

only to sustain nominal service loads, but also to provide an adequate safety

margin against ultimate rupture. Burst pressure denotes the internal pressure

at which the vessel loses its load-carrying capability and undergoes catastrophic

structural failure [35]. For composite pressure vessels, this is generally not

coincident with the onset of first-ply damage. Instead, it is the final outcome

of a progressive degradation process involving interacting damage mechanisms

such as matrix cracking, fibre fracture, delamination, and load redistribution

among the laminate plies. In this context, damage-initiation criteria are indeed

useful for detecting the occurrence of local failure mechanisms, but they do not

constitute a complete assessment of the ultimate burst capacity of the vessel. A

reliable prediction of burst pressure requires dedicated ultimate-load analyses,

or experimental burst tests, in which the internal pressure is progressively

increased until global collapse. In numerical simulations, this also requires

progressive damage models capable of capturing the post-initiation response

and residual load-carrying capability of the composite shell.

Regarding the classification of gaseous hydrogen tanks, these vessels are

commonly categorized according to their construction materials, load-bearing

architecture, and resulting gravimetric efficiency. Composite overwrapped pres-

sure vessels (COPVs) denote pressure vessels in which a metallic or polymeric

liner, primarily responsible for gas containment and permeation control, is ex-

ternally reinforced by a fibre-reinforced composite overwrap that carries a sig-

nificant portion of the pressure-induced structural load [36]. Accordingly, this

definition applies mainly to Type II –IV architectures, whereas linerless Type V
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tanks are more generally referred to as all-composite pressure vessels. These

architectures range from relatively simple and low-cost Type I all-metal tanks,

characterized by gravimetric efficiencies of approximately 2%, to state-of-the-

art, liner-less composite Type V tanks, which achieve gravimetric efficiencies

of up to 6% [37].

A graphical representation of common GH2 storage solutions is provided

in Fig. 1.3.

Table 1.2: Materials and features of different types of hydrogen storage tanks.

Tank Type Material
Energy Density Operating Pressure

Gravimetric Efficiency
[MJ/kg] [bar]

Type I All-metal 4–5 250–700 ∼2%

Type II
Metal liner & Composite hoop wrap

4–5 700–875 ∼2%

Type III
Metal liner & Composite full wrap

4–5 875–1100 ∼4%

Type IV
Plastic liner & Composite full wrap

4–5 700–875 ∼5%

Type V
No liner & All composite

5–8 875–1100 ∼6%

Type I Type II Type III Type IV Type V

All-metal
Metal liner
Composite 
hoop wrap

Metal liner
Composite 
full wrap

Plastic liner
Composite 
full wrap

No liner
All-

composite 

Figure 1.3: Graphical representation of gaseous hydrogen pressure vessels classifi-

cation.

Concerning the feasibility of gaseous storage at the aircraft level, Brelje

et al. [31] investigated the integration of GH2 tanks using multidisciplinary de-

sign optimization (MDO) techniques, accounting for the mutual geometric con-
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straints between the aircraft structure and the pressure vessels. Their results

indicate that while compressed hydrogen storage may be feasible for regional-

scale missions, the considerable mass of GH2 tanks constitutes a critical draw-

back for longer-range applications. Accordingly, the weight penalty associated

with compressed hydrogen storage likely precludes its use for transcontinental

routes, for which cryogenic storage is indeed more suited [38]. For such mission

profiles, the added complexity of insulation and thermal management systems

necessary to maintain this fuel in its liquid phase may be justified. Also, ac-

cording to NASA assessments, liquid hydrogen represents a more appropriate

option for any aircraft carrying more than 100 passengers due to its superior

energy density and range capability [39].

1.2.4 Liquid hydrogen storage

While GH2 tanks may benefit from reduced complexity, the extremely high

pressures necessary to store gaseous hydrogen require adequately robust pres-

sure vessels whose gravimetric efficiency prevents their employment into effi-

cient aircraft designs. In contrast, storing hydrogen at cryogenic temperatures

greatly increases its volumetric energy density (from 2.9MJ/L at 350 bar and

ambient temperature for GH2 to 8.5MJ/L at 2 bar and 20K for LH2) thus

allowing the use of much lower storage pressures and, in turn, reducing the

structural burden imposed on the vessel. This translates into lower tank mass

and can enable mass fractions up to 50% and beyond. The lower operating

pressure of cryogenic tanks also modifies the role of burst-pressure assessment.

Unlike high-pressure GH2 vessels, which are nominally designed to sustain in-

ternal pressures of several hundred bar, the storage system considered in this

work operates at much lower pressures. Although heat ingress inevitably in-

duces partial evaporation of the liquid phase, the resulting boil-off gas is man-
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aged by a dedicated venting system, which maintains the internal pressure

within the prescribed operating range and prevents uncontrolled autogenous

pressurization. For such reasons, this study, being addressed to highly-efficient

future aircraft integration, investigates exclusively liquid hydrogen vessels.

For hydrogen to maintain its liquid phase demanding conditions are re-

quired. To achieve and sustain temperatures of ≈ 20K diverse thermal insu-

lation methods can be utilized.

The multilayer insulation (MLI) system, schematized in Fig. (1.4), reduces

heat transfer by employing a sequence of thermal radiation shields oriented

perpendicular to the direction of heat flow [40]. Such shields are typically com-

posed of reflective foils that minimize radiative heat exchange, alternated with

metallic layers such as aluminized or gold-coated Mylar, and low-conductivity

spacer materials such as fibreglass, silk tissue, or polyester. In some instances,

a vacuum jacket can be introduced between the warm and cold boundaries

[41], thereby significantly enhancing insulation performance but at the cost of

increased mass and system complexity. When combined with MLI, vacuum

insulation exhibits densities in the range of 10÷ 100 kg/m3 and effective ther-

mal conductivities between 3×10−4÷3×10−5W/mK. The main limitation of

this approach is indeed the additional weight and complexity associated with

maintaining the insulating vacuum within the storage system architecture.

Similarly, although vacuum jackets provide effective insulation, as high-

lighted in Fig. (1.5), they require complex venting subsystems to maintain

the evacuated region, thereby lowering their appeal in extremely mass- and

reliability-sensitive applications. Another challenge lies in accommodating di-

mensional variations induced by thermal cycles during repeated filling and

emptying with cryogenic hydrogen [42]: onboard hydrogen tanks may expe-

rience temperature differentials as large as ≈ 300K, so mismatches in the

thermal expansion coefficients of tank components are a critical design factor
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Figure 1.4: Schematic of multilayer insulation. It employs multiple thermal shields

like reflective foil, metal radiation shields, and insulating materials like fiberglass,

silk tissue, or polyester.

[43].

Figure 1.5: Vacuum insulation system schematic representation, where a vacuum

jacket connected to a venting system insulates the cryogenic tank.

Therefore, an ideal insulation material is characterized by very low thermal

conductivity, diffusivity, and density; consequently, foams are often employed,

as exemplified by the external tank of the Space Shuttle, Fig. 1.6, or, more

recently, by the cryogenic core stage of NASA Space Launch System [44].
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Polyurethane foams offer a versatile material for passive insulation, with the

possibility of selecting tailored densities ranging from 32 to 96 kg/m3 for spe-

cific applications. The required insulation thickness depends on the material

properties, tank geometry, allowable boil-off rate, and overall mass constraints.

Foam insulation is relatively low cost, easy to implement and generally light-

weight. This method of insulation, however, is not free of drawbacks: insu-

lating spray-on foams (SOFIs) are known for a variety of risks such as envi-

ronmental impact, fire hazard and structural considerations as testified by the

events involving the Columbia Space Shuttle [45]. Hence, since foam cannot

be used as a stand-alone solution for H2 storage, careful integration with other

materials is necessary: it is for example required that both sides of the foam

layer are protected, on the inside from the corrosive fuel and on the outside

from the external environment.

Figure 1.6: Detail of the Space Shuttle external cryogenic tank. Orange coated

SOFI foam was used to insulate LH2 and oxygen [3].
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1.3 Hydrogen-induced embrittlement

Beyond the challenges associated with hydrogen storage conditions, an addi-

tional aspect that must be considered in the design of H2 tanks is material

degradation due to hydrogen embrittlement (HE). Hydrogen embrittlement is

a degradation phenomenon whereby atomic hydrogen, due to its small size, dif-

fuses into stressed materials, leading to a reduction in yield strength, ductility,

and fracture toughness, and potentially promoting sudden crack initiation and

growth [46, 47]. A schematic representation of the phenomenon is provided in

Fig.(1.7).

The susceptibility to HE strongly depends on the material class. Steels

and titanium alloys are generally the most affected, whereas aluminium alloys,

copper, and stainless steels exhibit significantly lower sensitivity. In particular,

several aluminium alloys, including Al–Mg systems, have been shown to retain

ductile behaviour even under cryogenic hydrogen exposure [48].

Although the physical mechanisms behind hydrogen-induced embrittlement

are still the subject of ongoing research, a range of effective mitigation strate-

gies is known to be effective. These include appropriate alloy selection, the

use of metallic liners, and the application of protective coatings or diffusion

barriers [49]. Thus, while embrittlement represents an important design con-

sideration for hydrogen storage systems, it does not constitute a fundamental

bottleneck for tank development. Rather, it is a phenomenon that must be

explicitly accounted for through informed material selection and structural

design choices. Accordingly, the adoption of low-permeability metallic liners

enables effective mitigation of HE, particularly in applications where composite

materials, usually more prone to diffusion, are utilized.
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Figure 1.7: Representation of the embrittlement phases due to hydrogen diffusion

in a metallic polycrystalline microstructure. Adapted from Ref. [4] (drawing not to

scale).

1.4 Thesis outline

This thesis incorporates the author’s prior work from various projects, includ-

ing findings from previously published peer-reviewed journal and conference

articles [7, 37, 50, 51, 52, 53, 54].

After the current Introduction, this document is structured as follows:

• Chapter 2 provides an overview of the current state-of-the-art in the

design and modelling of liquid hydrogen tanks for aircraft integration.

In this chapter, the novelty of the present work is stated as it introduces

an original framework for the optimization of LH2 vessels.

• Chapter 3 presents the specific tank architecture on which the study is

based and defines key figures of merit in storage system design. The

chapter then proceeds by justifying the methodological choices driving

the computational modelling and describes the numerical implementa-

tion of the optimization framework.
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• Chapter 4 outlines the results obtained by the exploration of the op-

timized design space of sandwich-composite-based passively insulated

vessels, including the assessment of pragmatic features and constraints.

The optimized storage solution is thus integrated into a state-of-the-art

sustainable aircraft concept and the high-fidelity analysis of each tank

component is presented.

• Chapter 5 discusses the main findings of this thesis through a compar-

ative assessment of the analysed tank configurations, with emphasis on

the remaining gap with conventional kerosene storage in the context of

sustainable aviation. It also concludes the thesis by summarising the key

results, acknowledging the main limitations of the present work, and out-

lining future developments in tank modelling and optimization, aircraft

integration, risk assessment, and certification.



Chapter 2

State of the art

In order to clarify the context and motivation of the present work, this chapter

provides a review of the current state of the art of hydrogen-powered aviation,

with particular emphasis on onboard storage systems. The discussion focuses

on previous contributions dealing with aircraft-level storage integration, liq-

uid hydrogen tank sizing, thermal management strategies, composite pressure

vessel technologies, and numerical modelling approaches, with the intent of

identifying the technological and methodological background from which the

present work originates.

2.1 Foundational contributions to hydrogen stor-

age for aviation

Early contributions to the field of H2-powered aviation come from Brewer

[55], who systematically investigated the implications of using hydrogen as

an aircraft fuel at both component and system level. Brewer identified many

of the principal technological constraints that still characterize the field today,

including the low volumetric energy density of this energy carrier, the influence

34
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of tank placement on aircraft layout, the distinction between integral and non-

integral storage, and the need to balance storage efficiency with structural and

operational safety. Although several enabling technologies have advanced since

this study, the main design challenge remains largely unchanged: hydrogen

itself offers substantial appeal from its high gravimetric energy density, but

its storage imposes non-negligible penalties in terms of volume, tank mass,

thermal management, and integration complexity.

At the beginning of the century, Mital et al. [42] reviewed the state of the

art and the practical design issues associated with aviation-specific cryogenic

vessels. Their work was particularly relevant in identifying several of the re-

curring limitations of aeronautical LH2 storage, including: i) the mass penalty

introduced by conservative structural design; ii) the difficulty of achieving ad-

equate insulation without excessive system complexity; iii) the consequences

of thermal-expansion mismatch among tank-wall constituents; and iv) the lim-

ited maturity of advanced materials under direct exposure to cryogenic envi-

ronments. The same study also emphasized that the design of liquid hydrogen

tanks cannot be reduced to the independent selection of a structural mate-

rial and an insulation layer, as the thermal, mechanical, and compatibility

requirements are indeed coupled.

Subsequent studies further clarified the influence of tank geometry and in-

sulation strategy on aircraft-level storage performance. Winnefeld et al. [56]

focused on the conceptual design of cryogenic hydrogen tanks for fuel-cell air-

craft propulsion. Their analysis focused on the interplay between tank ge-

ometry, thermal management, and storage performance, showing that boil-off

control and volumetric efficiency must be jointly addressed in aircraft applica-

tions. Similarly, Verstraete et al. [57] investigated LH2 fuel tanks for subsonic

transport aircraft, with emphasis on the trade-off between active and passive

insulation methods. They highlighted how the severe degradation of active
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multilayer insulation following a vacuum-loss event may represent a critical

safety concern for commercial operations, whereas passive foam-based insula-

tion offers a simpler and more robust alternative, although generally at the

cost of larger insulation thickness. Their work also clarified the relationship

between tank size and storage performance, confirming that larger cryogenic

tanks benefit from more favourable surface-to-volume ratios. Building upon

these considerations, Huete and Pilidis [58] conducted a high-level parametric

study on hydrogen tank integration for civil aviation propulsion, with partic-

ular attention to the role of insulation strategies in the feasibility of onboard

storage. Consistently with the conclusions of Verstraete et al., they found

that vacuum-insulated systems, despite their superior thermal performance,

may not necessarily represent the most suitable option for aircraft applications

once the associated mass, subsystem complexity, and energy requirements are

taken into account. This finding highlights that insulation performance alone

is not sufficient to determine the suitability of a storage concept: the overall

tank architecture must also be assessed in terms of mass efficiency, reliability,

maintainability, and compatibility with aircraft integration constraints. Thus,

a parametric approach for the integration of LH2 tanks in short- to medium-

range aircraft was proposed by Cipolla et al. [59]. Their work focused on

aircraft-level performance implications and highlighted how tank placement af-

fects the internal layout, payload arrangement, centre-of-gravity management,

and mission-level behaviour. Although the study did not address detailed

component-level optimization of the tank structure, it provided evidence that,

in order to be truly efficient, storage system integration must be considered

from the early stages of conceptual aircraft design.
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2.2 Computational modelling of liquid hydrogen

aircraft tanks

As interest in hydrogen-powered aircraft has increased in recent years, the re-

lated scientific literature has expanded significantly in both scope and depth.

Adler and Martins [5] provided a comprehensive review of hydrogen-powered

aircraft, covering fundamental concepts, performance metrics, propulsion tech-

nologies, storage implications, and environmental impact. Their contribu-

tion is particularly relevant because it links tank-level storage performance to

aircraft-level energy demand, showing that the feasibility of hydrogen aviation

is governed not only by the intrinsic properties of the fuel, but also by the effi-

ciency of the overall storage system. Later, Adler and Martins [60] addressed

the modelling and optimization of the coupled physical phenomena governing

LH2 storage systems. Their work focused on the development of a reduced-

order liquid hydrogen evaporation model tailored for vacuum-insulated tank

architectures, capturing the interactions among heat ingress, phase change,

fuel consumption, and time-dependent operating conditions. By explicitly

accounting for fuel-environment interactions and mission dependent thermal

loads, the study provided quantitative insight into boil-off behaviour and iden-

tified the dominant parameters influencing thermal performance. Moreover,

the proposed model was embedded within a design and optimization frame-

work, enabling systematic trade-off analyses between insulation effectiveness,

tank mass, and operational losses.

The need for higher-fidelity simulations of onboard hydrogen storage sys-

tems motivated the work of Gomez and Smith [61], who investigated the struc-

tural sizing and stress behaviour of fully metallic integral cryogenic tanks lo-

cated within the forward and aft fuselage sections of the MRT7-3 Meridian

concept for conventional mid-range commercial aircraft. Their linear finite



Chapter 2. State of the art 38

element (FE) analysis considered the combined effects of internal pressure, hy-

drostatic loads, thermal loads at cryogenic temperature, and critical manoeu-

vre conditions. Although the study focused on metallic tank configurations,

it provided important insight into the structural implications of integrating

LH2 tanks within the fuselage of transport aircraft. Tzoumakis et al. [62]

performed a multiphysics parametric analysis of an all-metal cryogenic tank,

considering Al 2219 for both the inner and outer layers. Their study con-

tributed to the understanding of coupled thermal and structural behaviour

in cryogenic metallic vessels. However, the investigated configuration did not

include pragmatic aircraft-integration features or high-performance composite

materials, thereby limiting its direct applicability to lightweight tank design.

Mantzaroudis and Theotokoglou [6] carried out a computational analysis of

LH2 storage tanks for aircraft applications, focusing on the thermo-mechanical

behaviour of simplified cryogenic vessels. Their work confirmed the sensitivity

of thermal performance and storage efficiency to the main geometric param-

eters. Nevertheless, the analysis remained primarily based on idealized tank

configurations, without extending to the systematic optimization of realistic

tank architectures.

2.3 Pressure vessel technologies for gaseous hy-

drogen storage

Beyond studies focused specifically on liquid hydrogen aircraft tanks, substan-

tial progress has been made in recent years in the field of pressure vessels for

gaseous hydrogen storage. The transition from all-metal to composite-based

architectures, progressing through the Type I to V classification recalled in

Tab.( 1.2), is driven by the need to reduce structural mass of such components.
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For GH2 storage, where high internal pressure represents the dominant load,

composite overwrapped pressure vessels are becoming the reference technolog-

ical direction because of the high specific strength of fibre-reinforced materials.

Filament winding is the most established manufacturing route for cylindri-

cal composite pressure vessels [63]. The process enables controlled deposition

of continuous fibres over a liner or mandrel, allowing the designer to tailor the

winding angle, fibre tension, number of layers, and laminate thickness accord-

ing to the stress distribution generated by internal pressure. Several studies

have investigated the influence of fibre orientation, winding sequence, and ply

thickness on burst pressure and structural efficiency. Among these, Cohen et al.

[64, 65] conducted extensive experimental campaigns correlating fibre volume

fraction with failure pressure, providing data for the general sizing of wound

composite shells. More recently, Automated Fibre Placement has emerged as

an evolution of filament winding, offering improved control of tow placement

and enabling the manufacture of more complex geometries through multi-axis

robotic deposition [66]. This technology may reduce material waste and in-

crease manufacturing accuracy, while also enabling local stiffness tailoring in

regions where classical winding patterns are geometrically constrained.

Given the high pressures involved, the shape of GH2 tanks must usually

be conservative, as classical cylindrical and spherical vessels result in more

even stress distribution. Nonetheless, alternative geometries have also been

investigated. Toroidal pressure vessels, for example, have been proposed as a

means to improve volumetric packing efficiency in constrained spaces, although

their stress distribution is more complex than that of conventional cylinders or

spheres [67]. Similarly, super-ellipsoidal dome profiles have been explored to re-

duce bending-induced stress concentrations in composite shells under internal

pressure, with variable-stiffness laminates used to tailor the local mechanical

response [68]. Such approaches are attractive for aircraft integration, where
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available volume may not coincide with structurally ideal tank shapes.

Progressive damage modelling of composite H2 tanks has also received con-

siderable attention, motivated by the need to predict burst pressure and failure

modes under complex loading conditions. Finite element modelling based on

continuum damage mechanics have demonstrated the capability to capture the

sequential evolution of matrix cracking, fibre-matrix debonding, delamination,

and fibre rupture in filament-wound vessels [69]. A condensed overview of rep-

resentative numerical approaches is reported in Tab. (2.1). Multi-scale strate-

gies, in which microscale material models are embedded within a macroscale

finite element analysis, have been proposed to improve the predictive fidelity of

burst simulations. Other works have introduced cohesive elements to represent

delamination and material degradation laws to reproduce post-failure stiffness

loss [70, 71].

More advanced formulations, including fully coupled mechanical-chemical-

thermal phase-field frameworks [79], have been developed to address the si-

multaneous influence of diffusion, thermal gradients, and mechanical loading

in multilayered composite vessels [80, 81]. Although these models are compu-

tationally demanding, they provide a more complete representation of degra-

dation mechanisms relevant to hydrogen environments. The growing interest

in composite cryogenic vessels has also stimulated the development of novel

material strategies. Thermoplastic matrix composites, in particular, have at-

tracted attention because of their potential resistance to microcracking, their

weldability, and their recyclability advantages over conventional thermoset sys-

tems [82]. Nevertheless, their application to aircraft hydrogen tanks requires

further validation in terms of permeability, damage tolerance, long-term dura-

bility, thermal cycling, and compatibility with cryogenic operating conditions.
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Table 2.1: Condensed overview of representative numerical approaches for progres-

sive damage analysis of composite pressure vessels.

Numerical Representative Main

approach implementation contribution

Failure-pressure and

degradation-based FE

models

ANSYS-APDL and

ABAQUS; instantaneous

degradation, first-ply

failure, and stiffness-

degradation models

Prediction of nonlinear stress–strain re-

sponse, manufacturing-imperfection ef-

fects, and burst pressure in filament-

wound composite pressure vessels [35,

72, 73].

Continuum damage

mechanics

ANSYS-APDL and

ABAQUS; intralaminar

damage and cohesive-

interface modelling

Progressive simulation of matrix crack-

ing, fibre-dominated failure, delamina-

tion, post-failure stiffness degradation,

and ultimate strength of composite hy-

drogen vessels [74, 75, 76, 77].

Multiscale and

micromechanics-

based damage models

Coupled ANSYS-

APDL/ABAQUS or

ABAQUS-based imple-

mentations

Connection between microscale mate-

rial degradation and macroscale vessel

response, improving the prediction of

burst pressure and thermo-mechanical

failure mechanisms [69, 71, 78].

Phase-field formula-

tions

In-house FE codes;

coupled mechanical–

chemical–thermal phase-

field models

Representation of damage evolution in

multilayered composite vessels under

coupled mechanical loading, thermal

gradients, material degradation, and

hydrogen diffusion [79].
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2.4 Material compatibility with hydrogen and

degradation mechanisms

Material compatibility with the fuel properties is a central consideration in

the design of both gaseous and liquid H2 tanks. In gaseous storage, the is-

sue is often associated with high pressure permeation and hydrogen-induced

degradation of metallic liners or structural shells. In liquid storage, the prob-

lem becomes more complex because very low temperatures, thermal cycling,

hydrogen diffusion, and thermal expansion mismatch may act simultaneously.

Moreover, hydrogen embrittlement has been widely studied for metals such

as steels and titanium alloys, where hydrogen diffusion can reduce ductility,

fracture toughness, and resistance to crack growth [46, 48, 83]. Aluminium al-

loys and copper-based materials are generally less susceptible, which explains

their recurrent use as candidate liner materials in hydrogen storage applica-

tions. An overview of representative material candidates for hydrogen tank

internal walls is reported in Tab. (2.2), with emphasis on their typical use,

permeation behaviour, and main advantages and limitations.

Table 2.2: Material candidates for tank inner wall construction.

Material Use case
Density Permeation

Advantages Disadvantages
[kg/m3] susceptibility

Al 2219-T8 Inner liner & tank

wall

2840 Very low Low cost, estab-

lished

High mass, high

conductivity

Al 8090-T8 Inner liner & tank

wall

2540 Low Low cost, estab-

lished

High mass, high

conductivity

Al 2090-T8 Inner liner & tank

wall

2590 Very low Low cost, estab-

lished

High mass, high

conductivity

CFRP Outer structural

layer

1600 High Low mass, high

mechanical prop-

erties

Higher cost, prone

to microcracking

and permeation
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Therefore, mitigation strategies, such as the use of metallic liners, protec-

tive coatings, and zinc or nickel plating, are well documented and known to be

effective. Nonetheless, the interaction among liner, composite overwrap, and

insulation systems under mechanical and thermal loads combined with direct

and prolonged hydrogen exposure remains not fully characterized.

For composite cryogenic tanks, material compatibility is not limited to

hydrogen permeation. The mismatch between the coefficients of thermal ex-

pansion of carbon fibres and polymer matrices can generate residual stresses

during cooldown and warm-up. These stresses may promote matrix microc-

racking, interfacial debonding, or delamination, creating possible permeation

paths and reducing the durability of the laminate. The X-33 programme is

often cited as an example of the risks associated with cryogenic composite tank

design, where microcracking and trapped cryogenic fluid contributed to struc-

tural failure during testing [84]. Subsequent studies have shown that thin-ply

laminates, toughened matrices, and more compliant interlayers can mitigate

microcracking under cryogenic cycling [85, 86].

Thus, the main design implication from material compatibility challenges

is that material selection cannot be separated from tank architecture. A ma-

terial that is suitable for a liner may not be suitable for a load-bearing shell,

and a composite laminate that performs well under ambient pressure vessel

conditions may behave differently under cryogenic cycling.

2.5 Emerging strategies for improving storage

efficiency

In parallel with conventional physical storage methods based on compressed or

cryogenic hydrogen, several material-based storage strategies have been inves-
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tigated to improve storage efficiency. These include metal-organic frameworks,

carbon nanotubes, hollow glass microspheres, and graphene-based nanomate-

rials [37]. Unlike physical containment, these approaches rely on adsorption,

encapsulation, or enhanced barrier behaviour. Their theoretical appeal lies in

the possibility of improving volumetric or gravimetric storage density, reducing

tank mass, or increasing resistance to permeation.

Accordingly, metal-organic frameworks are porous crystalline materials char-

acterized by high specific surface area and tunable pore size [87]. They have

been investigated for hydrogen adsorption because their internal structure can

be tailored to increase storage capacity and regulate adsorption-desorption be-

haviour [88]. Carbon nanotubes and graphene-based materials have similarly

attracted attention due to their low density, large surface area, and poten-

tial use as additives or barrier layers [89]. Indeed, graphene derivatives may

improve polymer-matrix impermeability, whereas carbon nanotubes may con-

tribute to hydrogen adsorption or multifunctional composite behaviour [90, 91].

Hollow glass microspheres have also been explored as encapsulation media, be-

cause hydrogen can diffuse into the microspheres at elevated temperature and

pressure and then be retained after cooling [92].

Despite their scientific interest, these material-based strategies remain at

comparatively low technology readiness for aviation. The principal barriers

include scalable production, repeatable material quality, cost, charging and

discharging time, system-level mass, and long-term durability concerns. Con-

sequently, they should not be regarded as near-term replacements for com-

pressed or liquid hydrogen tanks. Rather, they represent possible future path-

ways for improving storage efficiency, especially if integrated as multifunctional

components within more conventional tank architectures.

In this context, as it will be further discussed in Chapter 5, structural health

monitoring and non-destructive inspection represent another route to improved



Chapter 2. State of the art 45

storage efficiency. Hydrogen tanks are commonly designed with conservative

safety margins because of uncertainty in material behaviour, manufacturing

variability, damage tolerance, and the limited experimental database available

under representative hydrogen conditions [42]. If damage, strain, temperature,

pressure, and leakage could be monitored reliably throughout service, future

designs may reduce excessive conservatism while preserving safety [93]. Opti-

cal fibres, fibre Bragg grating sensors, and piezoelectric transducers have been

investigated for cryogenic applications and have shown potential for damage

detection, strain monitoring, and leakage identification [94, 95, 96, 97]. How-

ever, their long-term reliability under repeated thermal cycles, their integration

into composite or sandwich tank walls, and their acceptance within certifica-

tion frameworks remain open research questions.

2.6 Hydrogen aviation projects and demonstra-

tors

At the project and demonstrator level, a number of industrial and government-

funded initiatives have provided tangible evidence of the progress being made

toward H2-powered flight. Early feasibility constraints were established by the

European Cryoplane project [98] which assessed hydrogen integration within

commercial aircraft. Later, the CHATT project investigated CFRP cryogenic

vessels, including cylindrical tanks, dry-wing configurations, linerless concepts,

and unconventional geometries [99]. The project showed that thin-ply lami-

nates can considerably reduce or suppress microcracking in cryogenic envi-

ronments, while also exploring advanced cryogenic insulation concepts. EN-

ABLEH2 matured technologies for LH2-based propulsion, developing conceptual-

design tools for fuel-system components and investigating hydrogen-air com-
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bustion [100]. THOR focused on thermoplastic composite pressure vessels,

including aspects related to manufacturability, fire exposure, and optical-fibre

monitoring [82].

The most recent project landscape is more dynamic. Some programmes

have progressed toward component demonstration, whereas others have been

delayed, re-scoped, or discontinued. Accordingly, Tables (2.3) and (2.4) pro-

vide the list of representative hydrogen aviation projects and companies, with

emphasis on fuel storage technology and publicly available status as of 2026.

The updated project landscape indicates that hydrogen aviation is pro-

gressing, but at a more cautious pace than suggested by some early industrial

roadmaps. Liquid hydrogen remains central to long-range and larger-aircraft

concepts, where storage density is decisive, whereas gaseous hydrogen con-

tinues to fuel several near-term demonstrators because of its lower thermal

complexity. The delay of some commercial aircraft timelines and the discon-

tinuation of certain start-up activities do not reduce the technical relevance of

hydrogen storage research. Rather, they reinforce the need for design method-

ologies capable of quantifying the mass, thermal, structural, and integration

trade-offs of candidate tank architectures.

The same project landscape also highlights that technological demonstra-

tion and certification readiness do not necessarily progress at the same pace.

For cryogenic hydrogen storage systems, the transition from demonstrator-

scale hardware to certifiable aircraft components requires qualification evidence

that extends beyond nominal performance metrics. In particular, future tank

development must address pressure containment, venting and pressure-relief

reliability, leak-tightness, material compatibility, damage tolerance, inspection

capability, fire and impact resistance, and safe behaviour under abnormal ther-

mal or pressure transients. In this respect, documents such as NASA-STD-

6016 [101] provide useful guidance on materials and processes control, verifica-
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tion logic, and qualification philosophy for aerospace hardware, although they

are not directly applicable commercial aircraft certification rules. Similarly,

EASA SC E-19 [102] is not a tank-specific hydrogen storage standard, but

it illustrates the certification approach adopted for novel propulsion architec-

tures.

2.7 Literature gap and positioning of the present

work

The reviewed literature has substantially advanced the understanding of hy-

drogen storage for aviation. Foundational studies clarified the aircraft-level im-

plications of hydrogen as a fuel; conceptual analyses quantified the influence of

tank geometry and insulation strategy; finite element investigations provided

insight into the thermo-mechanical response of selected cryogenic vessels; and

composite pressure vessel research developed increasingly sophisticated man-

ufacturing and damage modelling approaches. Nevertheless, a gap remains

between high-level component sizing and detailed tank-level simulations.

In particular, studies such as those by Gomez and Smith [61], Tzoumakis

et al. [62], and Mantzaroudis and Theotokoglou [6] provide valuable under-

standing of the behaviour of LH2 storage vessels, but they do not address

the systematic optimization of realistic tank layouts from a coupled thermo-

mechanical perspective. Conversely, aircraft-level and reduced-order models

are effective for system studies, but necessarily simplify the local structural

and thermal behaviour of the storage component. Furthermore, the literature

still contains limited examples in which composite-based cryogenic architec-

tures, thermal insulation, material constraints, and integration-related design

features are treated within a unified optimization framework.
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Table 2.3: Summary of selected hydrogen-aviation projects and industrial initiatives

relevant to onboard storage and propulsion, status as of 2026 (Part 1 of 2).

Project / Company Status (2026) Main relevance to hydrogen aircraft storage

and propulsion

Airbus ZEROe Active; delayed Large-aircraft industrial benchmark for LH2 inte-

gration, hydrogen combustion, and fuel-cell propul-

sion. The original mid-2030s entry target has been

postponed due to slower maturation of enabling

technologies and infrastructure [103, 104].

Universal Hydrogen Discontinued (2024) Regional-aircraft retrofit concept based on modu-

lar hydrogen capsules and hydrogen-electric propul-

sion. Its closure exposed the commercial and infras-

tructure challenges of hydrogen retrofit strategies

[105].

H2FLY Active Hydrogen-electric propulsion demonstrator with

cryogenic storage experience. The HY4 aircraft

completed piloted flights powered by LH2, provid-

ing evidence for small-aircraft cryogenic storage and

fuel-cell integration [106].

ZeroAvia Active; certification

progressing

Hydrogen-electric powertrain developer for regional

aircraft. Near-term demonstrators rely on gaseous

hydrogen, making the programme relevant to early

certification pathways and compressed-storage en-

try strategies [107].

THOR Concluded Developed thermoplastic composite pressure vessels

with emphasis on manufacturability, safety under

fire exposure, recyclability, and structural monitor-

ing via embedded optical fibres [82].

ENABLEH2 Concluded Matured technologies for LH2-based civil aviation

propulsion, including conceptual-design tools for

fuel-system components and hydrogen combustion

studies [100].

HYDEA Active (2023–2026) Clean Aviation project addressing hydrogen com-

bustion, combustor design, engine fuel systems, low-

NOx emissions, and aircraft integration, targeting

TRL 5 by the end of 2026 [108].
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Table 2.4: Summary of selected hydrogen-aviation projects and industrial initiatives

relevant to onboard storage and propulsion, status as of 2026 (Part 2 of 2).

Project / Company Status (2026) Main relevance to hydrogen aircraft storage

and propulsion

CHATT Concluded Developed and tested CFRP cryogenic tank demon-

strators including cylindrical, linerless, and dry-

wing concepts. Key results concern thin-ply lam-

inates, microcracking mitigation, and composite

cryogenic feasibility [99, 86].

Project Fresson / Cranfield

Aerospace Solutions

Active; reoriented Small-aircraft hydrogen fuel-cell powertrain devel-

opment with adaptable storage strategies, including

gaseous hydrogen and possible future LH2 solutions

[109].

H2ELIOS Active (2023–2026) Directly focused on lightweight LH2 storage for air-

craft, including fuselage-integrated demonstrators

and subsystem ground tests toward storage system

TRL 5 [110].

CAVENDISH Active Develops LH2 direct-combustion technologies for

ground testing on a donor aeroengine, including

dual-fuel combustion and cryo-compressed storage

concepts [111].

COCOLIH2T Active Develops safe composite and vacuum-insulated con-

formal LH2 tanks for aviation, relevant to non-

cylindrical storage architectures and volumetric-

efficiency improvement [112].

SHZ Advanced Technolo-

gies

Exploratory Investigates LH2 storage and distribution for

blended-wing-body aircraft, relevant to unconven-

tional layouts and future cryogenic tank integration

[113].

Beyond Aero Active; gaseous-H2

route

Hydrogen-electric business-aircraft concept us-

ing externally mounted 700 bar gaseous-hydrogen

tanks, illustrating the continued relevance of com-

pressed storage for specific aircraft classes [114].
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The present thesis is positioned within this gap. It develops a computa-

tional framework for the design and optimization of aviation-oriented cryo-

genic hydrogen tanks, combining finite element thermo-mechanical analysis

with nonlinear constrained optimization. Although the underlying numeri-

cal modelling and optimization techniques are individually well established,

their combined application to the exploration of realistic liquid hydrogen tank

architectures remains limited in the open literature. The following chapter

therefore introduces the tank architecture, modelling assumptions, and opti-

mization strategy adopted in this work, providing the methodological basis for

the subsequent design-space exploration and aircraft-integration assessment.



Chapter 3

Tank definition, modelling and

optimization

This chapter discusses the methodological framework introduced by this thesis.

In particular, the tank conceptual design is first presented with emphasis on

geometric considerations and layered architecture followed by the definition

of fundamental metrics necessary to compare and characterize the component

performance. The chapter then proceeds with a comprehensive description

of the numerical model utilized to simulate the thermo-mechanical response

of the LH2 vessel and its operating conditions followed by the definition of

the optimization problem statement which, relying on safety-factor-adjusted

constraints, is embedded into the framework to iteratively update the tank

design until the optimum configuration is achieved.

3.1 Storage system design

Given the currently limited maturity and low standardization of liquid hydro-

gen tank integration strategies in aviation, the vessel examined in this study

is conceived to maximize modularity and scalability across different airframe

51
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architectures.

(b)(a)

Figure 3.1: a) Non-integral tank architecture in which the pressure vessel is struc-

turally independent from the aircraft fuselage. The tank experiences a pressure

differential defined by the difference between the internal tank pressure and the in-

ternal fuselage pressure vs b) integral tank in which the walls are partially made

by the aircraft fuselage structure. In this configuration, the tank is subjected to a

pressure differential equal to the difference between the internal tank pressure and

the external ambient pressure.

The tank model adopted in this study is therefore designed as a non-

integral unit, which, as schematized in Fig.(3.1a), is a self-supporting ves-

sel, structurally independent of the aircraft fuselage, and therefore does not

participate in primary load transfer, simplifying its design. Unlike integral

tanks, Fig.(3.1b), which are embedded within the airframe and must sustain

global structural loads, the non-integral configuration allows greater flexibility

in defining tank geometry, dimensions, and layout.

From a structural standpoint, the choice between integral and non-integral

hydrogen tanks represents a major design trade-off. Integral tanks generally

achieve higher volumetric efficiency due to a more effective use of available

space; for example, Brewer [55] reports fuel volumetric efficiencies of 92.7% for

integral tanks compared to 85.5% for non-integral solutions. However, integral

designs require the tank structure to withstand airframe loads and tightly

couple tank and fuselage design.

By contrast, non-integral tanks are primarily subjected to internal pressure,
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fuel-induced loads, and dynamic effects associated with fluid motion, without

reacting global airframe loads [56]. This decoupling allows the use of geometries

that do not necessarily conform to the fuselage shape and enables modular

design approaches that considerably facilitate inspections, maintenance, and

adaptability to different aircraft layouts. For these reasons, the non-integral

configuration is considered in the present work as a suitable baseline for the

investigation of scalable liquid hydrogen storage solutions.

3.1.1 Geometric parameters

The geometry of cryogenic pressure vessels is another design consideration that

strongly influences both thermal management and structural response.

From a thermal standpoint, heat leak is minimized by reducing the surface

area-to-volume ratio, which favours shapes approaching a sphere as reported

in Fig. (3.2). However, H2 tanks, especially if spherical, are poorly suited for

aircraft integration, particularly within the wing structure, and may therefore

be located inside the fuselage, at the expense of payload volume or in a ded-

icated external fuel pod. If the aircraft internal volume is required to remain

unchanged after the introduction of the hydrogen tanks, an increase in wet-

ted area, for instance due to fuselage lengthening, is generally unavoidable,

with a corresponding aerodynamic drag penalty. In addition, relocating fuel

from the wing removes the structural load alleviation effect provided by the

wet-wing storage solution, potentially increasing the structural weight of the

wing/wingbox assembly. As a result, hydrogen storage is generally associated

with both drag and mass penalties.

Beyond thermal and aerodynamic considerations, large spherical vessels

also present substantial challenges in terms of spatial integration [31], defined

as the effective arrangement of crew, payload, fuel, structural elements, and on-
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board systems within a feasible aircraft layout. These constraints further limit

the practical applicability of spherical or near-spherical tanks in conventional

transport aircraft.

A pragmatic compromise is therefore required, favouring tank geometries

that efficiently utilize the available volume while remaining compatible with

aircraft layouts. Cylindrical-based vessels with hemi-spherical or hemi-ellipsoidal

endcaps represent a commonly adopted solution [115], as they can be readily

integrated within the conventional fuselages and adapt well to unconventional

designs such as the BWBs. Such geometries are highly parametrizable and

scalable, and offer advantages in terms of manufacturability and modularity.

An additional consideration arises from cryogenic tank scalability: larger

tanks are indeed preferable, since surface area scales with the square of the

characteristic dimension, whereas stored volume increases with its cube, re-

sulting in improved thermal efficiency at larger scales.

Tank geometry is also considerably influenced by the necessity to comply

with airworthiness regulations. For instance, the European certification spec-

ifications for large aeroplanes [116] require unobstructed crew access to the

passenger cabin; consequently, when a forward H2 tank is positioned behind

the cockpit, the inclusion of a dedicated catwalk becomes necessary. On this

subject, additional regulatory provisions may also be applicable to hydrogen

pressure vessels, such as EASA CS§25.963, which addresses hydrostatic pres-

sure increments under acceleration. Nevertheless, while portions of the current

regulatory framework can be adapted to hydrogen-powered aircraft, several

aspects specific to onboard H2 storage require further assessment before com-

mercial deployment becomes feasible as it will be outlined in Sec. (5.4.2).
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Figure 3.2: Effects of tank shape and scalability. Considering L the length of the

vessel and R its radius, large, spherical tanks (L = R) are ideal from a thermal

standpoint yet incompatible with most aircraft architectures. Cylindrical vessels

(L ̸= R) conform better to conventional fuselages but yield higher surface-to-volume

ratios, degrading thermal performance. Adapted from Ref. [5].

3.1.2 The passively-insulated architecture

Under the combined demanding constraints imposed by mass minimization,

integration compatibility, thermal management, and structural reliability, the

passively-insulated cryogenic sandwich-composite tank architecture [37] is iden-

tified as a possible solution, which minimizes the number and mass of sub-

systems required for operation while reuniting in the same structure: i) a

liner, required for H2 containment; ii) a low density, low conductivity, low

diffusivity insulation material that allows for dimensional variations; iii) an

outer structural shell. A schematic representation of the passively-insulated

layered layout is provided in Fig. (3.3),

A first layer, referred to as the internal liner, is necessary for fuel contain-

ment and in cryogenic H2 tanks is commonly manufactured from lightweight
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Figure 3.3: Schematic of the insulated cryogenic sandwich architecture featuring a

thin inner liner and outer structural layers and thick intermediate foam insulation.

polymers or high-strength metallic alloys. In the present study, a specific

aluminum–copper alloy, the Al 2219-T8, is selected due to its favourable com-

bination of low density, excellent performance at cryogenic temperatures, cor-

rosion resistance, and cost-effectiveness. This alloy undergoes a sequence of

heat treatment, cold working, and artificial ageing processes to achieve the

required mechanical properties [117, 118], which ultimately determine its neg-

ligible susceptibility to hydrogen-induced embrittlement [46].

Thermoset polyurethane (PUR) foam is employed as the core material of

the sandwich architecture, with a thickness significantly greater than that of

the surrounding structural layers. Its extensive use in aerospace cryogenic

applications [119] demonstrates its effectiveness as a reliable and compara-

tively simple thermal barrier. In addition, PUR foam offers highly adaptable

insulation characteristics, as spray-on deposition techniques enable precise con-

trol of thickness and uniformity [120]. Additionally, owing to its widespread

adoption in aerospace systems, comprehensive thermo-mechanical characteri-

zation of PUR foam is available in the specialized literature [121, 122], allowing

temperature-dependent material properties to be incorporated into the numer-

ical tank model.

As discussed later in this thesis, Al 2219-T8 alone is not suitable for the

construction of the outer structural layer of the tank, if no additional reinforce-
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ment is considered, as done, for example, in the study by Gomez and Smith

[61]. Consequently, materials possessing higher mechanical performance must

be considered for this role. Hence, two mutually exclusive alternatives for the

external layer are investigated: a titanium-based high-strength metallic outer

shell and a fibre-reinforced composite laminate. Among metallic candidates,

the titanium alloy Ti-6Al-4V is considered due to its high specific strength and

well-established use in aerospace applications [123, 124, 125].

The thermo-mechanical material properties adopted in the present work

for the modelling of the isotropic tank materials, namely the internal liner, the

insulating foam, and the metallic outer shell are summarized in Tab. (3.1).

Table 3.1: Mechanical and thermal properties of aluminium 2219-T8 alloy, unrein-

forced polyurethane PUR-96 foam, and Ti-6Al-4V alloy.

Property Symbol Aluminium Polyurethane Ti-6Al-4V Unit

Young’s modulus E 73.1 0.11 93.0 GPa

Poisson ratio ν 0.33 0.30 0.34 —

Density ρ 2840 96 4430 kg/m3

Conductivity κ 121 0.0163 6.7 Wm−1K

Specific heat

capacity
Cp 864 1100 560 J kg−1K

Thermal

expansion

coefficient

α 2.2× 10−5 30.9× 10−6 8.6× 10−6 K−1

Yield strength σ̄mat
y 500 2.25 1273 MPa

Reference

temperature
Tref 20 95 288 K

The second material candidate for the manufacturing of the outer structural
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shell is a carbon fibre–reinforced plastic (CFRP). Although the application of

composite materials in cryogenic environments presents challenges due to the

limited characterization of their behaviour at extremely low temperatures, sev-

eral studies have demonstrated their feasibility when appropriately integrated

within multilayer architectures.

Early investigations by Horiuchi and Ooi [126], for example, showed that

CFRP laminates retain high tensile strength at cryogenic temperatures, while

long-duration operation and vibration tests of cryogenic support structures re-

ported no measurable degradation in structural performance. Subsequent ex-

perimental studies have provided insight into the dominant degradation mech-

anisms under cryogenic conditions. Accordingly, Gates et al. [127] observed

that interfacial debonding in sandwich composites primarily occurs at the ad-

hesive–core interface, with fracture toughness increasing by approximately 20%

at 4K compared to ambient temperature, indicating enhanced resistance to de-

lamination rather than embrittlement at low temperatures. Conversely, Islam

et al. [85] highlighted the effects of the pronounced mismatch in the coeffi-

cients of thermal expansion α, between carbon fibres (≈ −1 × 10−6K−1) and

epoxy matrices (≈ 50× 10−6K−1), which can induce thermally driven stresses

during cyclic operation, promoting matrix microcracking and resin embrittle-

ment. The same study also demonstrated that these effects can be effectively

mitigated through matrix toughening strategies and the introduction of com-

pliant or low-α interlayers, which suppress microcrack formation and improve

interlaminar toughness at cryogenic temperatures.

In the present multilayer tank architecture, these risks are further reduced

by positioning the composite shell on the exterior side of the insulation, away

from the cryogenic and potentially aggressive fuel environment. As a result,

the CFRP layer remains close to ambient temperature, limiting exposure to

severe thermal gradients and associated thermal stresses, while physically sep-
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arating the composite material from the stored H2, both in its gaseous form,

present in the ullage, and liquid phase. The presence of the metallic inner liner

additionally acts as a barrier against hydrogen permeation, further enhanc-

ing operational safety and protecting the weaker foam inner surface. Based

on these considerations, the use of a composite outer shell is adopted in the

present study.

The CFRP material is modelled using individual ply properties which are

summarized in Tab. (3.2) and extracted from Refs. [128, 6].

As the proposed tank configuration involves both a multilayer wall architec-

ture and a laminated composite shell, a distinction in terminology is adopted

throughout this work to avoid ambiguity. In particular, the term layer refers

exclusively to the three main constituents of the tank wall, namely the liner,

the foam insulation, and the outer shell, whereas the term ply denotes an in-

dividual lamina within the laminated composite stack. Additionally, the tank

considered in this thesis may be classified as a cryogenic composite pressure

vessel with COPV-like features, since it combines a metallic liner for hydrogen

containment with an external composite structural shell. However, it differs

from conventional composite overwrapped pressure vessels because the com-

posite shell is separated from the liner by a thick insulation layer and the tank

operates at low pressure rather than at the several-hundred-bars typical of

compressed hydrogen COPVs.
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Table 3.2: Mechanical and thermal properties of the carbon fibre-reinforced plastic,

reported as individual ply properties.

Property Symbol Value Unit

Young’s modulus E11 133 GPa

E22 ≡ E33 9.13 GPa

Poisson’s ratio ν12 ≡ ν13 ≡ ν23 0.30 —

Shear modulus G12 ≡ G13 ≡ G23 5.2 GPa

Density ρ 1600 kgm−3

Thermal conductivity K11 3.972 Wm−1K

K22 ≡ K33 0.3363 Wm−1K

Specific heat capacity Cp 1130 J kg−1K

Thermal expansion coefficient α11 −0.2× 10−6 K−1

α22 ≡ α33 30× 10−6 K−1

Reference temperature Tref 288 K

Longitudinal tensile strength Xt 2950 MPa

Longitudinal compressive strength Xc 1570 MPa

Transverse tensile strength Yt 79 MPa

Transverse compressive strength Yc 190 MPa

Longitudinal shear strength Sl 140 MPa

Transverse shear strength St 88 MPa
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3.1.3 Figures of merit

Gravimetric efficiency

As anticipated, the profound differences existing between hydrogen- and kerosene-

powered aviation originate from the physical properties of H2, which demands

peculiar storage conditions in order to achieve practical energy density. Ac-

cordingly, the integration of hydrogen storage systems into viable aircraft con-

figurations is typically associated with mass penalties, which are commonly

quantified through the gravimetric efficiency (η tank), also referred to as the

gravimetric index :

η tank =
WH2

WH2 +Wtank +Wsubsystems
, (3.1)

where WH2 denotes the weight of hydrogen stored at design conditions, Wtank

is the structural weight of the tank, and Wsubsystems represents the weight of

the ancillary systems required for tank operation. In the case of purely passive

components, the latter contribution is assumed to be negligible and is therefore

set to zero.

The gravimetric efficiency provides a direct measure of the penalties asso-

ciated with specialized hydrogen storage systems when compared to conven-

tional, highly optimized kerosene fuel tanks that are usually characterized by

values of gravimetric efficiencies of 100%, being integral with the wing struc-

ture and effectively adding minimal mass to the structural elements themselves.

In general, increasing η tank reduces the overall mass penalty associated with

fuel storage and, consequently, lowers the total energy demand of a hydrogen-

powered aircraft. This metric therefore has a system-level impact on both

aircraft feasibility and competitiveness.

As evidenced by Adler and Martins [5], the impact of the tank gravi-

metric efficiency on aircraft-level performance is non-linear and coupled to



Chapter 3. Tank definition, modelling and optimization 62

 aircraft energy 
consumption 

relative to kerosene 
aircraft [ ]  

H2

%

 [ ]  ηtank %

Figure 3.4: Effect of tank gravimetric efficiency on the relative fuel energy consump-

tion of hydrogen- and kerosene-powered aircraft across different mission ranges. A

transition occurs at η tank ≈ 55%, beyond which hydrogen-powered aircraft become

energetically favourable. Adapted from Adler et al. [5].

mission range. This behaviour is illustrated in Fig. 3.4, which compares the

total energy required by hydrogen-powered aircraft to that of an equivalent

kerosene-fuelled configuration over a range of mission lengths and tank gravi-

metric efficiencies. Accordingly, for low values of η tank the additional mass

associated with hydrogen storage systems offsets the benefit of hydrogen’s

high specific energy. Consequently, the total energy consumption of hydrogen-

powered aircraft increases more rapidly with mission range than that of con-

ventional kerosene aircraft. Critically, as the tank gravimetric efficiency in-

creases, Fig. 3.4 shows a transition in this trend: when η tank exceeds 55%, the

reduction in required fuel mass enabled by H2 energy density outweighs the

mass penalty introduced by the specialized storage system. Hence, beyond this

threshold, hydrogen-powered aircraft exhibit lower overall energy consumption

than their kerosene-powered counterparts, with the relative advantage increas-
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ing with mission range. This transition occurs at approximately the same

gravimetric efficiency across the investigated range of mission lengths. These

results indicate that tank gravimetric efficiency plays a governing role in de-

termining whether hydrogen-powered aircraft yield an energy benefit relative

to conventional configurations.

Boil-off rate

In addition to the mass penalties associated with hydrogen storage, cryogenic

fuel tanks present a further challenge related to the heat ingress driven by

the temperature differential between the inner cavity of the vessel and the

external environment. While practical insulation methods significantly reduce

heat transfer, in practice they cannot completely avoid it. As a result, a

fraction of the cryogenic liquid continuously evaporates. Under autogenous

pressurization, the gaseous hydrogen generated by this heat input must be

vented in order to prevent internal pressures from exceeding the structural

limits of the vessel.

To quantify the thermal performance of the tank, the boil-off rate (BOR)

is adopted and defined as

BOR =
Q

ρLH2VLH2λvLH2

, (3.2)

where Q denotes the total heat entering the tank cavity from the external

environment, ρLH2 is the density of liquid hydrogen, VLH2 is the volume of fuel

contained in the tank, and λvLH2
represents the latent heat of vaporization of

LH2.

For layered tank architectures, such as the configuration illustrated in

Fig. (3.3), the overall thermal resistance of the wall (Rth) can be approximated



Chapter 3. Tank definition, modelling and optimization 64

using an electrical analogy as

Rth =
∑
i

ti
κi Si

i ∈ {Liner, Insulation, Outer shell}, (3.3)

where ti is the thickness of the ith layer, κi is the thermal conductivity of

the corresponding material, and Si is the surface area through which heat

transfer occurs. Under steady conditions, the total heat flux can therefore

be estimated as Q = ∆T/Rth, which allows the boil-off rate to be evaluated

through Eq. (3.2). It should be noted that the instantaneous boil-off rate is not

constant over the course of a mission. As fuel is consumed and the filling ratio

decreases, the BOR increases, following an approximately quadratic trend [50].

Therefore, to enable consistent and meaningful comparisons of thermal per-

formance across different tank designs, the boil-off rate is evaluated assuming a

full-tank condition. This assumption is necessary to avoid misleading compar-

isons between partially filled and fully filled configurations and thus provides a

uniform benchmark for design assessment. As discussed in Sec. (5.2.1), future

developments of the framework will extend the analysis to account for fuel

consumption and transient mission-dependent effects.

A maximum BOR magnitude is identified by Mital et al. [42] as a technolog-

ically and commercially viable compromise, enabling practical energy densities

for airborne liquid hydrogen storage systems. Therefore, as a design require-

ment, a maximum allowable daily boil-off rate of BORallowable = 2.50% of the

stored LH2 mass, corresponding for the reference capacity of 100m3, to ap-

proximately 8.18 kg h−1, is adopted throughout the study and will represent a

major driver in insulation quantity optimization.
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3.2 Tank computational model

This section describes the methodology adopted for the thermo-mechanical

analysis of the passively-insulated composite LH2 tanks within the finite-element

framework, providing justification for various design and modelling assump-

tions. As previously stated, the considered tank features a multi-layered ar-

chitecture specifically designed for the storage of hydrogen at cryogenic tem-

peratures. The tank geometry, material properties, and structural details are

implemented in the finite-element model through dedicated parametric scripts.

3.2.1 Thermo-mechanical loads and boundary conditions

In addition to the geometric and material definitions defined in Sec.3.1.2, the

thermo-elastic analyses performed in this work require the specification of op-

erational boundary conditions. These include the internal and external tem-

peratures and pressures acting on the tank, which are dictated by the require-

ment to maintain hydrogen in its liquid phase while preventing the ingress of

ambient air into the vessel.

Given that non-integral tanks are assessed, the external surface of the ves-

sel is assumed to be exposed to the temperature of the surrounding fuselage

compartment. The fuselage environment is assumed to be pressurized air at

a controlled temperature of Tfus = 283K, which is consistent with the mini-

mum achievable value provided by environmental control systems in commer-

cial airliners [129]. This temperature is selected to minimize the temperature

difference ∆T between the tank exterior and the cryogenic interior.

The temperature of the tank external wall, denoted as Text, is treated as

an unknown in the thermal model, while natural convection is assumed to oc-

cur in the surrounding fuselage environment. Under steady-state conditions,

the inward convective heat flux at the external wall is driven by the tem-
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perature difference between the fuselage air and the tank surface, defined as

∆Text = Tfus − Text. Accordingly, the convective heat flux at the tank exterior

is expressed as

qext = hext
c (Tfus − Text) , (3.4)

where hext
c is the external convective heat transfer coefficient. In line with

Ref. [6], a value of hext
c = 10W/m2/K is adopted, representative of natural

convection in a pressurized fuselage environment. The steady-state thermo-

mechanical coupling employed in the present analysis reflects the quasi-static

conditions expected during cruise, where boundary temperatures evolve slowly

compared with the characteristic thermal diffusion time of the tank wall.

Conversely, heat transfer through the tank wall is governed by thermal

conduction, driven by the temperature difference between the external envi-

ronment and the cryogenic hydrogen. The temperature field exhibits gradients

across the wall thickness, affected by the thermal conductivity coefficients κi of

the individual material layers. Each layer therefore contributes to shaping the

overall temperature distribution within the multi-layered structure and, con-

sequently, to the conductive heat flux from the ambient environment toward

the cryogenic fluid.

Although practical tank filling levels do not typically exceed approximately

97%, the entire inner liner is assumed to be at the constant temperature of 20K

in order to simplify the thermal model. Owing to the high thermal conductivity

of the metallic liner, the same temperature is assigned to the internal surface

of the inner layer.

The presence of localized geometric discontinuities, such as refuelling ports

or feed-line cutouts, introduces additional conductive paths that may locally

increase the heat flux through the insulation. In the absence of detailed geo-

metric descriptions or experimental data applicable to these regions, a thermal-

bridge correction is applied to tank configurations featuring such additions.



Chapter 3. Tank definition, modelling and optimization 67

Accordingly, following Ref. [130], this correction is implemented by amplifying

the insulation-averaged heat flux by 50%, thereby approximating the thermal

penalty associated with metallic reinforcements and partial insulation of the

feed lines.

From a mechanical standpoint, the tank is subjected to an internal pressur-

ization selected to prevent ambient air ingress and to ensure adequate fuel de-

livery to the feed lines. Hence, a constant pressure differential of ∆p = 1.7 bar

is imposed between the tank interior and the surrounding environment. In

addition, the stored LH2 generates a hydrostatic load acting on the internal

tank walls. Under the assumption of a 1 g acceleration field, the resulting

hydrostatic pressure varies with depth according to phyd(z) = ρLH2 g z, where

0 ≤ z ≤ hfuel represents the depth below the free surface at which the pressure

is evaluated.

Regarding mechanical boundary conditions, a constraint layout derived

from the recent H2FLY demonstrator [131] is implemented. The vessel, whose

longitudinal axis is aligned with that of the fuselage, is supported along three

circumferential interfaces on the outer shell. These constrained regions are

located at the junctions between the cylindrical section and the two end domes,

as well as at the midpoint of the cylindrical body, Fig. (3.5). At these locations,

all translational and rotational degrees of freedom are restrained, providing

structural support while preventing rigid-body motion of the tank.

3.2.2 Finite-element simulation

The multi-physics tank model is implemented in ABAQUS/CAE [132] through

fully parametric Python scripts, ensuring robustness, flexibility, and repro-

ducibility needed for the systematic evaluation of numerous design configura-

tions.
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Figure 3.5: Representation of the boundary conditions applied to the H2 tank

model. The schematic illustrates the constraint configuration used to simulate real-

istic component-airframe anchoring strategies.

The tank inner liner and the outer structural layer are discretized using two

three-dimensional shell-of-revolution parts. Their sections are assigned with

geometrically consistent offsets to preserve the correct spatial arrangement,

while the insulating layer is modelled as an intermediate solid domain whose

thickness is approximately two orders of magnitude greater than that of the

adjacent shell entities.

The need to prevent erratic fuel motion under acceleration requires the

inclusion of anti-sloshing devices. In the numerical model, these are repre-

sented by planar shell baffles connected to the inner liner through a merging

operation. Dedicated partitions are introduced to ensure node coincidence

at the liner–baffle interfaces, thereby resulting in a conformal mesh that en-

forces nodal displacement continuity. Such bulkheads in the real component

are therefore assumed mechanically attached to the inner surface of the liner

along their perimeter. The components of the assembly are illustrated in

Fig. (3.6).
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InsulationLiner Structural shell

Figure 3.6: Exploded representation of the three finite-element entities constituting

the pressure vessel featuring hemi-spherical domes, axial cutouts and three anti-

sloshing baffles.

All tank components are discretized using thermally coupled elements with

both temperature and displacement degrees of freedom. Specifically, S4RT

reduced-integration shell elements are adopted for the inner and outer struc-

tural layers to mitigate shear locking and reduce computational cost, while

S3RT elements are used to mesh the anti-sloshing baffles. The polyurethane

insulation is discretized using fully integrated C3D8T eight-node thermally

coupled brick elements. This choice avoids the bending instabilities and hour-

glassing phenomena commonly associated with reduced-integration C3D8RT

elements when used in thick solid domains [133]. The C3D8T formulation, in

fact, provides improved accuracy in stress and displacement fields near inter-

faces and in regions characterized by strong thermal gradients, making it well

suited for coupled thermo-mechanical analyses. Hence, for preliminary design

stages and large-scale parametric studies, reduced-integration elements may

nevertheless be employed to construct more efficient models with significantly

reduced computational cost.

A coupled steady-state thermo-elastic analysis is performed to evaluate

the tank response under prolonged operating conditions, during which the

structure is subjected to severe temperature gradients induced by cryogenic
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storage. The analysis step is defined considering a staggered solution where

the thermal field and mechanical equilibrium are solved sequentially within

each increment, allowing efficient convergence while maintaining full coupling

through temperature-dependent material properties and thermal strains. The

step is advanced incrementally, while nonlinear equilibrium within each incre-

ment is attained iteratively. A maximum of 100 increments is allowed, with an

initial increment size of unity. Geometric non-linearities are neglected, as the

expected deformations remain small relative to the characteristic dimension

of the vessel. The solution procedure employs the Newton–Raphson method

and iterates until equilibrium residuals in forces, moments, and heat fluxes fall

below 5.0 × 10−3, while corrections in displacement, rotation, and tempera-

ture remain below 1.0 × 10−2. Convergence is typically achieved within two

equilibrium iterations, with no cutbacks or divergence warnings recorded.

Mesh sensitivity study

Mesh convergence is assessed through progressive refinements, monitoring both

scalar outputs and field distributions. Particular attention is given to the

through-the-thickness profiles and spatial distributions of temperature, heat

flux per unit area, and equivalent stress. Mesh density is considered converged

when further refinement produces no appreciable variation in such quantities,

indicating grid-independent results.

The outcomes of the mesh convergence study are reported in Fig. (3.7), and

a final discretization comprising approximately 3.6 × 105 degrees of freedom

(DoF) is selected. For generality, the abscissa of the convergence plots is

expressed in non-dimensional form as the ratio between the position across

the insulation thickness, χPUR, and a reference polyurethane thickness, tPURref .
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DoF

Figure 3.7: Mesh convergence study showing the profiles of heat flux per unit

area (HFL) measured at the endcap apex across the normalized insulation thick-

ness (χPUR/tPURref) for increasing numbers of DoF. The right column illustrates the

corresponding domain discretization and variable distribution at different levels of

refinement.

3.2.3 Material failure criteria

Material failure is evaluated using layer-specific criteria consistent with the

mechanical behaviour of the constituent materials. Therefore, assuming εkl as

the total strain tensor and αkl as the thermal expansion tensor, the thermo-

mechanical stress state within the tank wall is expressed as

σij = Cijkl (εkl −∆Tαkl) , (3.5)

where Cijkl denotes the fourth-order elasticity tensor. The tank is sized such

that the resulting stresses remain below the allowable limits in each layer of

the sandwich structure under combined thermal and mechanical loading.

For isotropic layers, namely the aluminum liner, the polyurethane insula-

tion, and the optional Ti-6Al-4V outer shell, failure is assessed using the von
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Mises equivalent stress criterion, written as

σeq =

…
1

2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] < σ̄mat

y , (3.6)

where σ1, σ2, and σ3 are the principal stresses and σ̄mat
y is the yield strength

of the material. This criterion has been previously adopted for both metallic

and polyurethane foam layers in cryogenic tank applications [62, 119, 134].

For the orthotropic outer composite shell, damage initiation is evaluated

using the Hashin failure criteria, distinguishing between fibre- and matrix-

dominated modes. Fibre failure is assessed as

Fibres


Å
σ11

XT

ã2
≤ 1 TensionÅ

σ11

XC

ã2
≤ 1 Compression

(3.7)

while matrix failure is evaluated through

Matrix


Å
σ22

YT

ã2
+

Å
σ12

SL

ã2

≤ 1 TensionÅ
σ22

2SL

ã2

+

ñÅ
YC

2ST

ã2
− 1

ô
σ22

YC

+

Å
σ12

SL

ã2
≤ 1 Compression

(3.8)

In equations (3.7) and (3.8), the terms XT and XC denote the tensile and

compressive strengths in the fibre direction and YT and YC the correspond-

ing matrix strengths. The quantities SL and ST denote the lamina shear

strengths. Specifically, SL is the in-plane shear strength associated with the

local 1–2 ply plane and therefore governs the resistance to the shear stress σ12,

whereas ST is the transverse shear strength parameter appearing in the matrix-

compression criterion, accounting for the contribution of transverse shear resis-

tance to matrix-dominated failure. The stresses σ11, σ22, and σ12 are evaluated

in the local material ply reference frame.

To comply with commercial aviation structural requirements, a uniform

safety factor of SF = 1.5 is adopted from FAR §25.303 [135] and explicitly
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embedded within the optimization algorithm so that the feasible design space

directly reflects the certified structural margins. Accordingly, the resulting

safety-factor-adjusted failure thresholds are defined as:

• σ̄Al
SF = 333MPa

• σ̄PUR
SF = 1.5MPa

• σ̄Ti
SF = 849MPa

• HSNCRTSF = 0.667

All failure criteria defined in Eqs. (3.6)–(3.8) are employed as explicit con-

straints within the optimization framework, enabling automatic updates of

tank geometry and structural properties while enforcing compliance with ma-

terial strength requirements.

It should be emphasized that the structural constraints adopted in the

present framework are formulated with reference to the cryogenic, low-pressure

nature of the LH2 storage system investigated in this thesis. Under nominal

conditions, boil-off gas generated by heat ingress is assumed to be managed by

a dedicated venting system, which prevents uncontrolled pressure build-up and

maintains the tank pressure within the prescribed limit. Accordingly, the von

Mises and Hashin criteria introduced above are employed to constrain mate-

rial yielding and damage initiation under the considered steady-state thermo-

mechanical operating condition. They provide information on the onset of local

failure mechanisms within the adopted modelling framework, but they do not

describe the evolution of damage. A complete burst-pressure assessment would

require a separate ultimate-load case, in which the internal pressure is increased

up to collapse, together with progressive damage modelling, stiffness degrada-

tion, interface failure modelling, and manufacturing-consistent representation

of local features such as dome-cylinder transitions, cutouts, attachments, and
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possible ply drops. Therefore, satisfying the safety-factor-adjusted stress and

Hashin constraints in this work should not be interpreted as equivalent to

demonstrating a burst-pressure margin. Rather, the present formulation pro-

vides an early-stage thermo-mechanical and damage-initiation-constrained siz-

ing approach for low-pressure cryogenic tanks. Burst-pressure verification is

identified as a necessary future extension for certification-oriented pressure-

vessel design.

3.2.4 Finite-element model validation

Validation of the numerical tank model is carried out by comparing the tem-

perature distribution predicted by the present finite-element framework with

reference data. The assessment is restricted to the thermal field, since the

benchmark case provides sufficiently detailed and reliable thermal boundary

conditions, which can therefore be reproduced consistently within the present

model. A quantitative validation of the stress field is not pursued, as many

of the mechanical material properties, constitutive assumptions, and mod-

elling details required are not fully documented in the reference source. In

such a case, a direct stress comparison would risk being performed under

non-unified conditions. Nevertheless, the stress magnitudes predicted by the

present model are consistent in order of magnitude with those reported in the

reference study, thereby providing a preliminary qualitative confirmation of

the mechanical plausibility of the results. Accordingly, validation is limited

to the temperature field, for which the available data are both adequate and

robust, thus providing the most reliable basis for assessing the predictive ca-

pability of the model. The results exhibit a satisfactory agreement with the

reference study by Mantzaroudis et al. [6], both in terms of spatial gradients

and overall magnitude. A root mean square error (RMSE) of 9.29K is ob-
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served along selected paths, corresponding to a maximum local deviation of

approximately 15%, as illustrated in Fig. (3.8). This discrepancy between the

two computational models is attributed to the combined influence of modelling

assumptions and uncertainties in the input data. In particular, differences in

mesh topology, implementation of thermal boundary conditions, and the inclu-

sion of temperature-dependent thermal properties can considerably affect local

heat-flux gradients and wall temperature levels. Furthermore, the current lim-

ited availability of open-access experimental data for full-scale cryogenic ves-

sels, largely due to proprietary constraints and the high commercial value of

such systems, precludes a precise calibration of numerical parameters against

physical tests. Accordingly, the present validation should be interpreted as a

numerical cross-comparison rather than an absolute experimental benchmark.

Nonetheless, within these limitations, the level of agreement obtained sup-

ports the adequacy of the adopted thermal modelling strategy for comparative

thermo-mechanical design and optimization studies of liquid-hydrogen storage

tanks.

It should also be noted that, while the temperature-field comparison pro-

vides an indirect verification of the thermal response and of the resulting

heat-transfer trends, the BOR predictions are not independently validated

against experimental measurements. Similarly, the mechanical quantities used

as optimization constraints, namely the von Mises stresses in the isotropic lay-

ers and the Hashin damage-initiation indices in the composite shell, are not

benchmarked against dedicated coupon-level or component-level tests. Conse-

quently, the present validation supports the use of the model as a physics-based

comparative tool for early-stage design exploration, but it does not constitute a

complete experimental verification of the coupled thermo-mechanical response

of a cryogenic pressure vessel. The framework should be interpreted as a ther-

mal and damage-initiation-constrained optimization methodology, rather than
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as a fully validated structural design procedure for a readily certifiable tank.

Figure 3.8: Comparison of temperature magnitude (T ) and spatial distribution

across the normalized insulation thickness (χPUR/tPURref) for the tank model devel-

oped in this thesis and the reference simulation from Ref. [6], used for validation of

the thermo-mechanical FE framework.

3.3 Thermo-mechanical analysis of a reference

tank

To complement the description of the numerical framework with a reference

application case, a baseline LH2 vessel is here analysed. The objective of this

section is to: i) provide a physical interpretation of the temperature, heat flux,

and stress fields generated by the FEM analysis; ii) identify the regions and

mechanisms that drive the optimization process later detailed.

The reference tank is selected based on configurations considered in previ-

ous studies [6, 99, 36] and consists of a cylindrical vessel with hemi-spherical

endcaps, whose main geometric and operational characteristics are summa-

rized in Tab. (3.3). A filling ratio of ϕf = 0.75 is adopted in this representative

analysis to highlight the local thermo-mechanical effects associated with the
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coexistence of liquid hydrogen and ullage gas. Accordingly, the BOR value re-

ported in Tab. (3.3) refers only to this representative operating condition. The

full-tank assumption introduced in Sec. (3.1.3) remains the reference condition

used for consistent thermal comparison and optimization.

Table 3.3: Geometry, layer thicknesses, operating conditions and figures of merit

adopted for the reference tank.

Base geometry

Storage volume V 100m3

Cylindrical section length L 4.24m

Cylinder/spherical caps radius R 2.12m

Wall thickness

Inner layer tAl 10mm

Middle layer tPUR 0.5m

Outer layer tCFRP 10mm

Operating condition Filling ratio ϕf 0.75

Figures of merit
Gravimetric efficiency ηtank 36.7%

Boil-off rate BOR 12.03 kg h−1

Two reference locations, denoted as A and B, are introduced for the eval-

uation of through-the-thickness field quantities. Location A is placed on the

dome region and is representative of the endcap behaviour, whereas location

B is taken in the cylindrical portion away from geometric discontinuities. A

representative geometry discretization, together with the selected reference lo-

cations, is shown in Fig. (3.9).

For the reference filling ratio ϕf = 0.75, the inner aluminium liner exhibits

two distinct thermal regions, as shown in Fig. (3.10a). The lower portion

of the liner, in contact with liquid hydrogen, remains close to the prescribed

cryogenic temperature of 20K, whereas the upper region, in contact with the
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Reference location A

Reference location B

Figure 3.9: Finite-element mesh of the reference LH2 tank highlighting the two

reference locations used for field evaluation.

ullage gas, reaches slightly higher values, with a maximum temperature of

approximately 25.3K farthest away from the LH2. The corresponding heat-

flux distribution in Fig. (3.10b) is consistent with the non-uniform thermal

boundary condition at the internal wall. Lower values occur where the local

temperature difference across the wall is smaller, whereas the highest values

are found near the liquid–gas interface region, where the local thermal gradient

is more pronounced. From a structural standpoint, in this reference configu-

ration the liner remains far from yielding. In fact, the maximum von Mises

stress, reported in Fig. (3.10c), is approximately 11.4MPa and occurs near the

junction between the cylindrical region and the hemi-spherical domes, as well

as in the central region of the cylindrical portion.

The polyurethane layer is characterized by the strongest thermal gradient

across the tank wall and governs the overall thermal resistance of the system.

Significant thermal gradients across tPUR are observed, as the temperature

varies from the storage temperature of LH2 on the inner surface to the exter-

nal temperature Text = 282.2K on the outer surface, as shown in Fig. (3.11a).

The temperature increases almost linearly through the polyurethane thickness

without evident distinctions between the cylindrical and hemispherical regions,
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(a) (b)

(c)

σeq [MPa]

T [K ] [W /m2]HFL

Figure 3.10: Thermo-mechanical fields in the inner aluminium liner of the reference

tank: a) absolute temperature; b) heat flux per unit area; c) von Mises stress.

as illustrated in Fig.(3.12a). Heat flux per unit area distribution is shown in

Fig.(3.11b), and exhibits a minimum on the outer surface of the part, particu-

larly over the hemispherical regions due to the effects of curvature. In contrast,

at the inner surface, which is in contact with the liner, HFL reaches its max-

imum value. The effect of partial filling results in a slight flux reduction on

the inner surface of the foam in the cylindrical region, where the presence of

ullage, associated with a higher temperature with respect to the liquid fuel,

reduces the temperature differential with respect to the external environment.

The equivalent stress in the insulation, reported in Fig. (3.11c), remains below

the allowable threshold throughout the domain, with a maximum value of ap-

proximately 0.90MPa reached on the outer surface of the cylindrical portion.

The corresponding through-the-thickness profiles of heat flux per unit area and

equivalent stress at locations A and B are shown in Fig. (3.12b–c).

Due to its position outside the insulation, the CFRP shell remains close

to ambient temperature and is therefore only marginally affected by the cryo-



Chapter 3. Tank definition, modelling and optimization 80

T [K ] [W /m2]HFL

(a) (b)

(c)

σeq [MPa]

Figure 3.11: Thermo-mechanical fields at the middle polyurethane layer in the

reference tank model: a) absolute temperature [K]; b) heat flux per unit area [W/m2];

c) von Mises stress [MPa].

(a) (b) (c)

Figure 3.12: Through-the-thickness profiles of a) absolute temperature, b) heat

flux per unit area, and c) equivalent stress across the middle layer in the reference

tank configuration at the locations A and B.

genic environment. Results for the Hashin failure criterion are reported in

Fig.(3.13). Since the lamination sequence adopted is symmetric, results are

discussed only for the four outermost, slightly more highly loaded plies of the

eight-ply laminate. For each ply in the stacking sequence, the active damage
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initiation criteria are fiber tension – HSNFTCRT – and matrix compression –

HSNMCCRT, while fiber compression – HSNFCCRT – and matrix tension –

HSNMTCRT – damage initiation criteria are not met for the reference tank

configuration. For all four composite plies (Ply-0, 0◦; Ply-1, 90◦; Ply-2, 45◦;

Ply-3, −45◦), the fiber tension criterion indicates that the plies are far from

damage initiation under the considered conditions. The through-the-thickness

profiles of the Hashin fiber tension and matrix compression indices are shown in

Fig.(3.14), where χCFRP represents the location through the composite thick-

ness. The indices are evaluated in both the hemispherical and cylindrical

regions of the tank, at the reference locations A and B respectively, at the

mid-thickness integration point of each ply. The use of a quasi-isotropic stack-

ing sequence combined with the small laminate thickness compared to the tank

geometrical dimensions leads to an almost symmetric stress distribution with

respect to the laminate mid-surface, which results in nearly symmetric Hashin

indices for both fiber tension and matrix compression.
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(a) (b)

(c) (d )

(e) ( f )

(g) (h)

HSNFTCRT

HSNFTCRT

Figure 3.13: Hashin threshold indices for the external composite layer of the ref-

erence tank. Only plies 4-7, which exhibit the highest stress levels, are shown (the

plies are numbered from 0 to 7). a–d) Hashin fiber tension criterion; e–h) Hashin

matrix compression criterion.
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(a) (b)

(c) (d )

Figure 3.14: Through-the-thickness profiles at the reference locations A and B

of the Hashin indices for fiber tension (a–b) and matrix compression (c–d) for the

considered layup of the external composite shell in the reference tank configuration.

3.4 Optimization problem formulation and work-

flow integration

The optimization problem aims at minimizing the total tank mass mtank, by

varying a vector of geometrical design variables while enforcing mechanical and

thermal performance constraints. The design variables are the thicknesses of

the individual layers composing the tank wall

tj = [tAl, tPUR, tTi, tCFRP],

which are bounded by prescribed lower and upper limits tlbj and tub
j , reflecting

manufacturability and design feasibility considerations [7].
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The optimization problem is therefore stated as

minimize mtank(tj)

with respect to tlbj ≤ tj ≤ tub
j

subject to gi(tj) ≤ 0,

(3.9)

where the inequality constraints enforce both safety-factor-adjusted structural

and thermal performance requirements. Specifically, the constraint set is de-

fined as

gi =



σAl

σ̄Al
SF

− 1 ≤ 0,

σPUR

σ̄PUR
SF

− 1 ≤ 0,

σTi

σ̄Ti
SF

− 1 ≤ 0,

HSNCRTSF − 0.667 ≤ 0,

BOR − BORallowable ≤ 0.

(3.10)

The stress-based constraints ensure that the maximum thermo-mechanical

stress in each isotropic layer does not exceed the corresponding safety-factor-

adjusted allowable strength, while the Hashin criterion constraint limits dam-

age initiation indices in the composite shell. The BOR constraint enforces

compliance with the prescribed thermal performance requirement introduced

in Sec. (3.1.3).

It must be noted that only one of the two outer-layer constraints–either

titanium yielding or composite damage initiation–is active at a time. This

reflects the mutually exclusive nature of the design evaluation, in which the

outer structural layer is realized either in titanium alloy or in CFRP.
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3.4.1 Numerical implementation

The constrained optimization problem is solved using the Interior-Point algo-

rithm implemented in MATLAB’s fmincon solver [136]. This approach refor-

mulates the constrained problem into a sequence of unconstrained problems

by introducing a logarithmic barrier function, which penalizes constraint vi-

olations, while ensuring that all iterations remain strictly within the feasible

region.

Thus, the modified objective function takes the form

F (tj) = f(tj)− µ
∑
i

log(−gi(tj)) , (3.11)

where µ is a positive barrier parameter that is progressively reduced during the

optimization process. As any constraint gi(tj) approaches zero from below, the

corresponding logarithmic term tends to infinity, thereby preventing violation

of the constraint. In the limit µ → 0, the solution converges to that of the

original constrained problem. Upper and lower bounds on the design variables,

which will be discussed in Sec. (3.4.6), are enforced in an analogous manner

by augmenting the objective function with additional barrier terms,

min f(tj) + µ
∑
i

log(−gi(tj))−
∑
j

[
log(tj − tlbj ) + log(tub

j − tj)
]
, (3.12)

which ensure that the design variables remain strictly within their admissible

ranges.

3.4.2 Gradient evaluation and search direction

Gradients of the objective function with respect to the design variables are

approximated using forward finite differences,

∂f

∂tj
≈ f(tj + h)− f(tj)

h
, (3.13)
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where h is a suitably small perturbation.

The search direction ∆t at each iteration is obtained by solving the Newton

system

H(t)∆t = −∇F (t), (3.14)

with H(t) denoting the Hessian matrix of the barrier-augmented objective

function and ∇F (t) its gradient.

Given that the exact computation of the Hessian matrix is computationally

expensive, fmincon employs a quasi-Newton approach based on the BFGS

update scheme

Hk+1 = Hk +
yky

⊤
k

y⊤k sk
− Hksks

⊤
k Hk

s⊤k Hksk
, (3.15)

where sk = tk+1 − tk represents the change in the design variables between

successive iterations and yk = ∇fk+1−∇fk is the corresponding change in the

objective function gradient.

3.4.3 Convergence criteria

The optimization process is considered converged when all of the following

conditions are satisfied:

• the first-order optimality measure is below a prescribed tolerance, indi-

cating proximity to a stationary point;

• the norm of the design-variable update satisfies ∥∆t∥ < ε, implying

negligible further improvement;

• all inequality constraints satisfy gi(tj) ≤ 0 within the specified feasibility

tolerance.
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3.4.4 Constraint aggregation

As is common in structural optimization problems characterized by a large

number of constraints, an aggregation technique is employed to limit com-

putational cost and improve numerical robustness. Evaluating and enforcing

each individual constraint independently would significantly increase the di-

mensionality of the optimization problem and negatively affect the convergence

behaviour.

Accordingly, the Kreisselmeier–Steinhauser (KS) aggregation function [137,

138] is adopted to provide a smooth and conservative approximation of the

maximum constraint violation over the entire structure. The aggregated con-

straint is defined as

KS(t) =
1

ρag
ln

(
N∑
i

eρaggi(t)

)
, (3.16)

where gi(t) are the individual constraint functions and ρag is the aggregation

parameter controlling the sharpness of the approximation. In the limit ρag →

∞, the KS function converges to the exact maximum constraint. In the present

study, a value of ρag = 100 is selected after several tests, providing a smooth

representation of the critical constraint while maintaining stable convergence.

3.4.5 Step-size sensitivity

The use of finite-difference schemes for gradient evaluation introduces the clas-

sical step-size dilemma, which requires balancing truncation errors and round-

off errors. A sensitivity study on the perturbation size is therefore conducted

to identify a suitable finite-difference step length.

The step-size analysis considers representative output quantities driving

the optimization, namely:
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• the equivalent von Mises stress in the aluminum liner and insulating

layer;

• the heat flux per unit area within the insulation;

• the Hashin damage index in the outer composite shell.

Accordingly, a perturbation step of ∆t = 1.0× 10−5m is selected.

3.4.6 Design-variable bounds and technological constraints

Since the optimization focuses on the thicknesses of the individual tank layers,

practical lower and upper bounds must be defined for each design variable.

These bounds, denoted as tlb and tub, are derived primarily from technological

and manufacturing considerations and are summarized in Tab. (3.4).

Table 3.4: Lower and upper thickness bounds for each material considered in the

LH2 vessel architecture.

Al 2219-T8 PUR-96 Ti-6Al-4V CFRPply Unit

tlb 0.5 25 3 0.125 mm

tub 10 950 50 10 mm

Although the aluminum liner contributes to the global structural response,

its primary functions are to provide fuel containment, prevent H2 permeation,

and protect the outer layers from HE. Consequently, optimized configurations

are expected to drive the liner thickness toward its lower bound. As it will be

shown later, optimal values of tAl are indeed typically close to tlbAl ≈ 0.5mm.

Such thin-gauge components can be reliably manufactured using hydroform-

ing processes [139], which are well suited for producing water-tight geometries

such as the considered vessel, with an upper practical thickness limit of ap-

proximately 10mm [140].



Chapter 3. Tank definition, modelling and optimization 89

By contrast, the polyurethane insulation layer is expected to be two orders

of magnitude thicker than the liner. The lower bound tlbPUR is based on the

experimental work of Fesmire et al. [120], while the upper bound reflects previ-

ous studies on foam-insulated cryogenic hydrogen tanks, which identify values

beyond ∼ 950mm as impractical due to excessive volume and mass, and are

therefore incompatible with aircraft integration requirements [50].

The thickness of the titanium outer shell, denoted as tTi, is bounded by

manufacturing limitations associated with conventional forming, joining pro-

cesses, and metal additive manufacturing techniques, all leading to a practical

minimum thickness of approximately 3mm [141].

For composite configurations, the lower bound for individual CFRP plies

is set to 0.125mm, in accordance with Ref. [142]. Thinner plies may intro-

duce manufacturability and process-compatibility issues, particularly with au-

tomated fibre placement technologies [66]. The composite outer shell is mod-

elled as an eight-ply laminate with fixed ply count, while the thickness of each

ply is treated as a design variable. As a result, the total laminate thickness

varies with the optimized ply thickness, allowing for consistent exploration of

composite sizing.

3.4.7 Optimization performance and computational cost

Optimization convergence is achieved when the first-order optimality measure

falls below 1.0× 10−3 and all constraint violations are smaller than 1.0× 10−3.

Step updates with magnitude below 1.0× 10−5 are considered numerically in-

significant and trigger termination when the remaining criteria are satisfied.

Gradient evaluations employ finite differences with perturbations bounded be-

tween 1.0× 10−4 and 1.0× 10−3.

For a representative case involving a hemi-ellipsoidal-domed composite tank
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equipped with refuelling cutouts and anti-sloshing bulkheads, the optimization

converges in 16 iterations and 195 function evaluations, achieving a first-order

optimality of 6.0× 10−4 with zero constraint violation.

Each function evaluation triggers a full FEM analysis. On a 32-core work-

station, a single evaluation requires approximately 40 s of wall time, corre-

sponding to a total serial computational cost of roughly 2 h. Nonetheless,

the framework is conceived to be inherently parallelizable, allowing further

reductions in turnaround time when additional computational resources are

available.

3.4.8 Integrated optimization workflow

The optimization problem is fully coupled with the finite-element analysis

stage, forming the integrated computational framework schematized in Fig. (3.15).

Material properties, geometric parameters, and thermal and mechanical

boundary conditions are defined at a high level and passed to a Python-based

ABAQUS interface, which generates the finite-element model using the current

set of layer thicknesses and thus launching the simulation. Following comple-

tion of the analysis, a post-processing routine extracts the relevant quantities

from the output file and transfers them to the MATLAB environment. The op-

timization algorithm then updates the vector of design variables and supplies

it to the FEM model for the next iteration. This loop continues until all con-

vergence criteria are satisfied, at which point the optimal tank configuration

and the associated finite-element results are obtained.

The framework allows further spatial discretization of the tank wall into

independent patches, with each patch thickness treated as a separate design

variable. This capability has been implemented to enable refined thickness

tailoring, particularly between cylindrical sections and dome regions, in accor-
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dance with thin-walled pressure vessel theory, which predicts lower tangential

stresses in spherical shells compared to cylindrical ones. As will be outlined

later in Sec. (5.2.2) when discussing future developments of the framework,

increasing the number of patches expands the design space dimensionality and

enables more advanced structural optimization strategies.

Parametric Python/
Abaqus script

Computational 
model

Thermo-mechanical 
analysis

Analysis Output

Matlab fmincon

Optimized tank

Initial guess

Input
tj

Stopping criteria met?

Yes

No

Updated

Initial geometryMaterial 
properties

Boundary 
conditions Top-level requirements

mtank σeq

Objective function Constraint functions

tj0

tj

HSNCRTHFL

Figure 3.15: Block diagram representing the optimization logic. Design variables

are fed into the FE model and solver and, based on resulting metrics and residuals,

the optimization algorithm iteratively updates the design variable vector until con-

vergence criteria are satisfied [7].
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3.4.9 Optimization loop validation

The optimization methodology is validated through a dedicated study in which

the tank geometry—specifically the aspect ratio ϕ = L/R, where L denotes

the length of the cylindrical section and R the radius of the hemi-spherical

endcaps—is treated as an additional design variable. For a fixed internal vol-

ume and prescribed thermo-mechanical boundary conditions, the optimization

algorithm is therefore allowed to modify the vessel shape.

To ensure a consistent compromise between numerical accuracy and com-

putational cost as the tank dimensions vary during the optimization process, a

constant ratio between the characteristic mesh seed size and the reference tank

dimension is enforced. This strategy maintains a comparable level of spatial

resolution across all geometrical configurations and avoids spurious numerical

effects associated with mesh coarsening or refinement induced solely by shape

changes.

As discussed in Sec. 3.1.1, in the absence of constraints related to vehi-

cle integration, the thermally optimal configuration always corresponds to a

spherical tank. This geometry minimizes the surface-to-volume ratio, thereby

reducing heat ingress and the required insulation mass. Therefore, the opti-

mization is initialized from an arbitrary cylindrical-based configuration with

aspect ratio ϕ = 3.5. The algorithm converges toward an optimal aspect ra-

tio ϕopt = 0, representing the spherical limit. The progressive evolution of

the tank geometry from the initial configuration to the optimized shape is

schematically illustrated in Fig. (3.16). It is noted that this result is strictly

valid under the assumption of constant internal volume and in the absence of

additional constraints.
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Vfix

Figure 3.16: Initial (yellow) and optimized (green) vessel shapes resulting from the

optimization process where ϕ is treated as a design variable. Thermo-mechanical

boundary conditions, material properties, and tank capacity are held constant

throughout the analysis.



Chapter 4

Optimized layouts and aircraft

integration

This section details the liquid hydrogen vessel configurations investigated in the

present study. For each configuration, the optimized mass distribution and the

resulting fuel mass fraction are discussed and compared. Based on this assess-

ment, a representative tank layout is selected and subsequently integrated into

an advanced sustainable airframe evaluating the associated thermo-mechanical

fields.

Each tank architecture is characterized by a specific combination of geo-

metric and design features, including dome shape, the presence of refuelling

cutouts, and internal anti-sloshing baffles. As outlined in Section (3.1.1), all

configurations are evaluated under identical conditions in terms of theoreti-

cal fuel capacity and allowable boil-off rate, ensuring a consistent basis for

comparison.

The geometric parameters defining each vessel—indexed using ascending

Roman numerals (I –VI )—are summarized in Table (4.1). The associated

geometric variables are defined with reference to the schematics shown in

94
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Fig. (4.1). In particular, L denotes the length of the cylindrical section of

the tank, while R represents the radius of the hemispherical endcaps. For

tanks featuring hemi-ellipsoidal domes, R corresponds to the semi-major axis

a, whereas the semi-minor axis is denoted by b. The diameter of the circular

refuelling cut-out is indicated by Dco. Anti-sloshing baffles are modelled as

circular disks of diameter R, perforated by five openings. These openings are

defined by the diameters DBHc for the central hole and DBHr for the four radi-

ally distributed holes. In addition to the geometric parameters, Table (4.1) also

summarizes the material composition of each structural layer and highlights

the main design features adopted in each tank configuration.

Table 4.1: Summary of geometric parameters, layer composition and structural

features for each tank configuration. Dimensions defining the internal cavity are

reported for all vessels, while cutout and bulkhead openings diameters are specified

only for configurations that incorporate such features.

Parameter I II III IV V VI

Internal cavity [m]

L 4.24 4.24 5.32 4.24 4.24 5.32

R = a 2.12 2.12 2.12 2.12 2.12 2.12

b - - 1.32 - - 1.32

Cutout [m] Dco - - - 0.15 0.15 0.15

Bulkhead [m]
DBHc - - - - 1.40 1.40

DBHr - - - - 0.37 0.37

Material

Inner Al2219-T8

Middle PUR-96

Outer Ti-6Al-4V CFRP CFRP CFRP CFRP CFRP

Feature

Domes Hem.-sph. Hem.-sph. Hem.-ellip. Hem.-sph. Hem.-sph. Hem.-ellip.

Cutouts - - - Yes Yes Yes

Bulkheads - - - - Yes Yes



Chapter 4. Optimized layouts and aircraft integration 96

I .

(a) (b)

II .

(c) (d )

III .

(e) ( f )

IV .

(g) (h)

V .

(i ) ( j )

VI .

(k) (l )

17090 kg

7054 kg

7274 kg

7084 kg

7152 kg

7309 kg

Figure 4.1: Schematic representation of each vessel materials and geometry (a, c,

e, g, i, k); optimized mass breakdown between fuel and constituent layers (b, d, f,

h, j, l).
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4.1 I - Metallic reference tank

As a baseline for comparison, a relatively straightforward tank configuration

featuring a titanium-alloy outer structural layer and hemispherical endcaps

is first analysed. The corresponding vessel architecture, schematically shown

in Fig. (4.1a), employs Ti-6Al-4V as the load-bearing outer shell, while the

inner liner and the insulation layer adopt the same materials used in all other

configurations, namely aluminium and polyurethane foam respectively.

The feasibility of employing the same aluminium Al 2219-T8 alloy used for

fuel containment also for the outer structural layer is investigated. However,

this configuration fails to satisfy the mechanical constraints across the entire

range of design variables defined in Tab. (3.4), yielding insufficient safety mar-

gins even at the upper bound of admissible thicknesses. This limitation reflects

an intrinsic physical constraint rather than a numerical artefact: the optimizer

is indeed unable to identify any feasible solution within the prescribed bounds

and safety-factor-adjusted limits. The combination of moderate elastic stiff-

ness and relatively high coefficient of thermal expansion of Al 2219-T8 leads

to significant thermally-induced stresses in the outer shell, particularly under

the steep temperature gradients experienced across the tank wall. Although

this alloy indeed exhibits excellent strength at cryogenic temperatures, its me-

chanical properties degrade sharply as temperature increases [118], as occurs

at the external surface of the vessel where ∆T -induced stresses are highest.

Even as the outer shell thickness is increased, the safety-factor-adjusted yield-

ing criterion remains violated, indicating that an all-aluminium configuration

would require impractically thick and heavy sections or additional specific re-

inforcements to achieve acceptable structural margins.

Consequently, the use of a titanium alloy outer shell represents a feasible,

albeit more costly, compromise. The specific market price of Ti-6Al-4V is ap-
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proximately seventeen times higher than that of aluminium alloys [143, 144],

but its superior mechanical performance under the relevant thermo-mechanical

loading conditions enables compliance with the imposed constraints. Having

defined the baseline architecture, the corresponding optimization results are

now summarized: the mass breakdown of the all-metal vessel is reported in

Fig. (4.1b), where the relatively thick and dense titanium structural layer ac-

counts for the majority of the total tank mass. As a result, the gravimetric

efficiency of this configuration is limited to approximately 30%, and is therefore

considerably lower than the threshold considered in Fig. 3.4. The aluminium

liner constitutes only about 1.5% of the total tank mass, while the amount of

insulation is primarily dictated by thermal performance requirements, a trend

that is also observed in the other tank configurations considered in this thesis.

4.2 II - Composite-based reference tank

While retaining Al 2219-T8 and PUR-96 for the inner liner and insulation

layers respectively, the tank configuration schematized in Fig. (4.1c) replaces

the Ti-6Al-4V outer shell with a fibre-reinforced composite material.

The composite layer is assigned with a quasi-isotropic stacking sequence,

consistent with Ref. [6], namely the [0◦/90◦/45◦/− 45◦]S, which effectively de-

couples in-plane shear and extensional deformations. As later demonstrated in

Sec. 4.6, this stacking sequence is found to outperform other commonly adopted

configurations, consistently yielding the lowest overall component mass. Ac-

cordingly, it is selected as the reference laminate architecture for all analyses

presented in this chapter, unless otherwise stated.

The optimized tank, which, at this stage, does not incorporate practical

features such as cutouts or anti-sloshing baffles, exhibits a profoundly different

mass distribution compared to the all-metal construction previously assessed,
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as shown in Fig. (4.1d). The introduction of a composite outer shell indeed

proves highly effective: the mass of the structural external layer is reduced by

a factor of 13 compared to the metallic design of Sec. (4.1). In addition, the

mass of the aluminium liner, although primarily intended as a containment

and protective layer, still contributes to the overall mechanical response, is

also reduced by approximately a factor of 2. As observed in the all-metal case,

the thickness of the insulating layer is predominantly governed by thermal

performance requirements and therefore remains mostly unchanged.

Overall, the adoption of a composite outer shell leads to a reduction in

total tank mass of 59% relative to the all-metal counterpart, corresponding to

an absolute increase in gravimetric efficiency of 20.8%.

4.3 III - Composite-based tank with hemi-ellipsoidal

endcaps

Given their favourable compromise between manufacturability, volumetric ef-

ficiency, and integration capability, hemi-ellipsoidal domed pressure vessels

are widely adopted in the aerospace sector [131, 145, 146]. Compared with

spherical-based dome geometries, such endcap shape may indeed facilitate in-

tegration with surrounding elements, especially within fuselage-constrained en-

vironments.

Accordingly, to assess the influence of dome geometry on tank performance,

hemi-ellipsoidal endcaps are implemented in the vessel configuration schema-

tized in Fig. (4.1e). Following the findings of Gomez and Smith [61], optimal

structural efficiency for such domes is achieved when the ratio of the ellipsoidal

semi-axes satisfies a/b = 1.6; such a value is therefore adopted throughout the

present analysis when sizing hemi-ellipsoidal endcaps. For consistency with
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the previously analysed hemi-spherical configurations, no refuelling cutouts or

internal anti-sloshing baffles are introduced at this stage. Relative to hemi-

spherical domes, the hemi-ellipsoidal geometry exhibits a larger surface area

for an equivalent internal volume. This increase leads to higher heat inflow

and a less favourable stress distribution, which together result in a modest

mass penalty, as shown in Fig. (4.1f ).

Specifically, compared to Tank II, the liner mass increases by 12% to accom-

modate both the increased surface area and the reduced load-bearing efficiency

of the dome geometry, while the mass of the structural outer layer increases

by about 8.5%. In addition, the higher global surface-to-volume ratio necessi-

tates a slightly thicker insulation layer to maintain the prescribed boil-off rate.

Consequently, these effects yield an overall increase in total tank mass of 3.1%

relative to Tank II, attributable solely to the change in endcap geometry.

4.4 IV - Composite-based tank with refuelling

cutouts

Cutouts required to interface the tank inner cavity with fuel lines, sensors, and

gaseous hydrogen extraction pipes, along with other necessary elements, are

now introduced in the vessel layout.

Considering that the tank is intended to be integrated within the aircraft

fuselage, with its longitudinal axis aligned with that of the airframe, a practical

and commonly adopted placement for such openings is on the tank endcaps

[147]. The cut-out diameter, highlighted in Fig. (4.1g), is selected in accor-

dance with the dimensions of commercially available cryogenic liquid hydrogen

feed lines [148]. The introduction of such openings locally disrupts the con-

tinuity of the insulation layer and may lead to increased heat ingress at the
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interface between the tank and external components. To account for this effect,

a thermal penalty is applied following an approach similar to that proposed

in Ref. [130]. Specifically, the thermal model is updated by imposing an addi-

tional heat flux on the internal surface of the insulation exposed by the cutout.

The magnitude of this flux is set equal to 50% of the average heat flux per unit

area computed for the corresponding insulation layer in the absence of cutouts.

This correction is intended to approximate the local degradation of insulation

performance due to metallic reinforcements, partial insulation of feed lines,

and thermal bridging effects.

As a consequence of the increased local heat ingress, a slight increase in the

required insulation thickness is necessary to satisfy the prescribed boil-off rate

constraint. This adjustment results in a 0.6% increase in polyurethane mass

relative to the reference composite tank discussed in Sec. 4.2. The resulting

mass distribution among the tank layers and the stored LH2 is reported in

Fig. (4.1h).

4.5 V - Composite-based tank with refuelling

cutouts and anti-sloshing baffles

To further expand the design space of onboard LH2 pressure vessels, a configu-

ration incorporating internal anti-sloshing baffles is investigated in addition to

the refuelling cutouts introduced in the previous section. The resulting tank

layout is schematized in Fig. (4.1i).

The design of the anti-sloshing bulkheads is adapted from the works of Lei

et al. [149] and Owens et al. [150], with the corresponding geometric parameters

reported in Tab. (4.1). The baffles are assumed to be manufactured from

the same aluminium alloy as the inner liner, into which they are structurally
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integrated. Their thickness is treated as an additional design variable and is

therefore determined by the optimization process.

As evidenced by the optimized weight distribution in Fig. (4.1j ), the inclu-

sion of anti-sloshing devices leads to a substantial increase in the mass of the

inner metallic layer relative to the configuration without baffles. In particular,

the presence of the bulkheads results in an approximately 40% increase in mAl.

Despite this localized mass increase, the thicknesses of the insulation and com-

posite outer shell remain largely unaffected, as they are primarily governed by

thermal and global structural requirements. Consequently, the impact on the

overall tank mass is limited, with an increase of approximately 1% relative to

the corresponding baffle-less configuration.

4.6 VI - Composite-based tank with hemi-ellipsoidal

endcaps, refuelling cutouts, and anti-sloshing

baffles

The vessel layout described in the previous section is further refined through

the adoption of hemi-ellipsoidal endcaps. This final configuration, illustrated in

Fig. (4.1k), incorporates all the pragmatic design features considered through-

out this study, including refuelling cutouts and internal anti-sloshing baffles,

and is therefore regarded as the most representative tank architecture among

those investigated.

As already observed in Section 4.3, the introduction of ellipsoidal domes

reduces the thermal efficiency of the vessel as a consequence of the increased

surface-to-volume ratio. Accordingly, for the configuration analysed in this

section, satisfying the prescribed boil-off rate constraint requires an increase

in insulation mass of 2.5%. This adjustment results in a corresponding increase
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in total tank mass of 2.2% when compared with the analogous configuration

employing hemi-spherical endcaps. The optimized mass distribution among

the tank layers and the stored fuel for this final layout is reported in Fig. (4.1l).

4.6.1 Influence of alternative composite material lay-ups

The influence of alternative composite lay-ups is assessed using the more prag-

matic, thus, higher-fidelity tank model introduced in this section.

In addition to the quasi-isotropic stacking sequence adopted in the preced-

ing analyses, several alternative laminates have been investigated, each con-

sisting of the same number of plies to ensure a consistent basis for compari-

son. The set of examined configurations includes balanced angle-ply laminates,

such as the so-called magic-angle lay-up [151], which is specifically designed

to optimally distribute hoop and longitudinal stresses in cylindrical pressure

vessels, as well as progressive and tailored symmetric stacking sequences. Fur-

thermore, the lay-ups [11◦/90◦2/±25◦/18◦/90◦/21◦] and [−87◦/36◦/47◦/33◦/−

57◦/−36◦/−50◦/−44◦], derived from Refs. [152] and [153] respectively, are also

assessed. These laminates originate from optimization frameworks specifically

developed to enhance the structural efficiency of composite pressure vessels

operating under high pressure differentials, although the corresponding stud-

ies considered monolithic composite vessels rather than the multilayer tank

architecture adopted in the present work.

The use of the quasi-isotropic [0◦/90◦/45◦/ − 45◦]S laminate as the refer-

ence configuration is motivated by the specific loading regime of the multilayer

cryogenic tank considered in this work. Unlike monolithic high-pressure com-

posite vessels, whose laminate architecture is primarily driven by the hoop-to-

longitudinal stress ratio generated by internal pressure, the present LH2 tank

operates at relatively low pressure and includes a thick insulating layer between
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the metallic liner and the external composite shell. As a result, the outer CFRP

layer is not exposed directly to the cryogenic fuel and remains close to the ex-

ternal environmental temperature during nominal operation. Its stress state is

governed by pressure-induced membrane loads, thermal-expansion compatibil-

ity, airframe-support constraints, geometric discontinuities, and load transfer

through the multilayer wall. A symmetric quasi-isotropic laminate exhibits

nearly direction-independent in-plane elastic stiffness, thereby reducing the

sensitivity of the structural response to the orientation of the principal stress

directions arising from the combined loading conditions [154, 155]. Further-

more, the symmetric stacking sequence eliminates extension-bending coupling,

since the corresponding coupling matrix vanishes in Classical Laminate The-

ory [156].

The corresponding optimization outcomes, summarized in Tab. (4.2), are

reported in terms of relative mass penalties affecting both the composite outer

shell and the overall tank mass. Among all the considered configurations, the

quasi-isotropic [0◦/90◦/45◦/− 45◦]S laminate yields the lowest total mass and

satisfies all imposed thermo-mechanical constraints. In contrast, the alterna-

tive stacking sequences either lead to increased structural mass or fail to satisfy

the mechanical constraints within the technological thickness bounds reported

in Tab. (3.4). As a result, these configurations are classified as unfeasible

for the application under consideration. Achieving feasibility for such lay-ups

would require a relaxation of the prescribed technological bounds, resulting in

heavier and less practical tank designs.
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Table 4.2: Assessment of alternative composite stacking sequences evaluated for

the optimization of Tank VI. Feasibility is indicated along with the relative increase

in CFRP outer layer mass (∆mCFRP) and overall tank mass (∆mtank) with respect

to the baseline quasi-isotropic configuration.

Stacking sequence Feasibility ∆mCFRP ∆mtank

[0◦/90◦/45◦/− 45◦]S Yes / /

[11◦/90◦2/± 25◦/18◦/90◦/21◦] Yes +5.1% +0.8%

[±54.7◦]8 Yes +23.0% +2.9%

[±45◦]8 Yes +23.6% +3.0%

[−87◦/36◦/47◦/33◦/− 57◦/− 36◦/−

50◦/− 44◦]

Yes +44.1% +5.5%

[90◦/45◦/30◦/0◦]S Yes +61.5% +7.6%

[±30◦]8 No - -

[0◦/15◦/30◦/45◦]S No - -

It should be emphasized that the quasi-isotropic sequence is not claimed

here as a universal or manufacturing-optimal laminate for composite pressure

vessels. Rather, under the adopted assumptions, fixed ply count, technological

thickness bounds, and damage-initiation constraints, this laminate provides

the lowest tank mass among the configurations examined.
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4.7 Optimized tank architectures comparative

assessment

This section provides an overview of each of the optimized vessels defined and

analyzed in the study, comparing their respective configurations and assess-

ing the general influence of design choices on storage-system performance, as

summarized in Table (4.3).

Table 4.3: Thermal and gravimetric performance indices of the optimized tank

configurations.

I II III IV V VI

Performance
BOR 2.50% daily

η tank 29.31% 50.11% 49.34% 50.00% 49.76% 49.22%

The total mass, mtank, of each LH2 tank configuration, decomposed by

constituent layers, is reported in Fig. (4.2). The comparison highlights the

substantial performance advantage of composite-based architectures over fully

metallic designs. In particular, the titanium outer shell of Tank I alone re-

sults in a mass that is 34% greater than the total mass of the corresponding

composite-based Tank II. Notably, even when all realistic integration features

are included, as in Tank VI, the metallic construction still incurs an additional

mass penalty of approximately 3.3× 103 kg relative to the composite solution.

This corresponds to a 57% difference in total tank mass between the simple

all-metal Tank I and the most pragmatic configuration, Tank VI. The mass of

the foam insulation layer, being primarily dictated by thermal constraints, re-

mains largely unaffected by whether the outer shell is constructed by metallic
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or composite materials. By contrast, the aluminium liner of Tank I, which, de-

spite its nominal role, indeed contributes to the global load-bearing capability

of the vessel, yields nearly twice the mass of the average liner mass observed

in tanks equipped with a composite outer shell.

The inclusion of features required for operational viability generally has an

adverse impact on the gravimetric efficiency. Accordingly, the adoption of end-

caps deviating from a hemi-spherical geometry has considerable detrimental

effects. For a fixed internal volume, the use of hemi-ellipsoidal domes in-

creases the surface-to-volume ratio, thus requiring thicker insulation to satisfy

the thermal constraints. This mass penalty is further amplified by the external

placement of the structural shell: since the structural layer conforms to the

outer surface of the insulation, any increase in insulation thickness directly

leads to a larger and, therefore, heavier external shell. Similarly, the introduc-

tion of refuelling cutouts introduces localized geometric discontinuities that

act as stress concentrators, requiring additional material to satisfy structural

constraints. Simultaneously, these openings introduce thermal bridges that

locally facilitate heat ingress, further affecting the vessel thermal performance.

The integration of anti-sloshing bulkheads results in a significant increase in

mAl. However, since this layer represents only a small fraction of the total

tank mass, the impact on mtank remains relatively limited.

Despite these penalizing yet necessary additions, the gravimetric efficiency

achieved by the optimized tank configurations remains attractive, reaching

values of approximately 50%, only about 5% short of the theoretical threshold

identified by Adler and Martins [5].
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I . II . III . I V . V . VI .

Figure 4.2: Comparison of minimum achievable mass for each tank configuration,

with breakdown by layer. The all-metal design (I ) results in substantially higher total

mass compared to composite architectures (II to VI ). The improved mass efficiency

enables the integration of realistic design features while pushing ηtank ≈ 50%.

4.8 Integration of the optimized storage solution

into an advanced sustainable airframe

The pressure vessel of configuration VI, being the most realistic among those

considered by the present study, is tailored for integration into a state-of-the-

art LH2-powered aircraft concept, namely the ultra-high aspect ratio strut-

braced wing (UHARW) configuration proposed by Wahler et al. [8]. This air-

craft concept targets performance levels comparable to those of current single-

aisle commercial transports. To meet the specified design range of 3400NM,
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the total onboard liquid hydrogen requirement is estimated to be 6534 kg.

Fuel storage is distributed between two cryogenic tanks located within the for-

ward and aft fuselage sections, as illustrated in Fig. (4.3a). This arrangement

enables effective volumetric utilization while satisfying aircraft balance and

integration constraints.

The aft tank is designed to conform to the full internal fuselage diameter

(Df ), thereby maximizing volumetric efficiency. In contrast, the forward tank

is constrained by certification requirements. Specifically, Certification Spec-

ification §25.772 mandates a continuous access path between the flight deck

and the passenger cabin [157]. To satisfy this requirement, the forward tank is

designed with a reduced external diameter (Dtext) allowing the integration of a

catwalk alongside the tank. A catwalk width of Wcw = 58 cm is adopted, con-

sistent with standard aisle dimensions in certified commercial aircraft [9], as

schematized in Fig. (4.3b). Additionally, to maintain the aircraft longitudinal

centre-of-gravity within the prescribed design envelope, 60% of the total liquid

hydrogen mass is allocated to the aft tank, with the remaining 40% stored in

the forward tank.

The two vessels are therefore optimized independently under their respec-

tive geometric and operational constraints. For the forward tank, the opti-

mization yields a required polyurethane insulation thickness of approximately

0.33m, resulting in an internal cavity diameter (Dtint) equal to approximately

70% of the fuselage internal diameter (Df ), while the aft tank is set to conform

to the entire available internal fuselage diameter.

The proposed component integration highlights how the performance of

the storage system cannot be interpreted solely at tank level. As discussed

by Cipolla et al. [59], aircraft-level assessment of H2 storage requires the si-

multaneous consideration of tank geometry, fuel volume, available fuselage

space, passenger and payload accommodation, and mission requirements. In
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the present configuration, these couplings are partly evident in the different

roles played by the forward and aft tanks. For example, the forward vessel is

limited by the need to preserve a continuous access path between the cockpit

and the passenger cabin, which constrains the admissible external diameter

and therefore reduces the internal volume available for fuel once the insula-

tion thickness is accounted for. Conversely, the aft vessel can exploit the full

fuselage diameter, leading to a more favourable surface-to-volume ratio and,

therefore, to improved thermal and gravimetric performance. Accordingly, the

resulting aircraft-level feasibility is governed by the interaction between sev-

eral quantities that are optimized or constrained at tank level. Increasing the

insulation thickness reduces heat ingress and helps satisfy the boil-off con-

straint, but also increases tank mass and external dimensions, thereby affect-

ing volumetric efficiency and fuselage-space allocation. Increasing the stored

fuel volume improves mission capability, but requires larger vessels and may

penalize cabin or payload arrangement. Finally, the distribution of fuel be-

tween forward and aft locations is not only a storage-sizing choice, but also

an aircraft-integration requirement, since it affects longitudinal balance and

centre-of-gravity management.
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Figure 4.3: Integration of the optimized vessels in the sustainable aircraft concept

from Ref.[8]: a) isometric view of the LH2-powered strut-braced wing aircraft com-

plete with fuel tanks and passenger seats; b) sectional view of the forward fuselage

highlighting the vessel integration into the available volume, along with the standard-

height civilian male for reference according to Ref.[9].

The thermo-mechanical behaviour of the optimized LH2 storage units is

evaluated through the analysis of representative field distributions for each

tank layer, as reported in Fig. 4.4. For conciseness, only the plots correspond-

ing to the highest magnitude fields are reported, without distinction between

the forward and aft tanks due to the similarity of the resulting contour distri-

butions.

The equivalent von Mises stress distribution in the inner metallic liner,

including the integrated anti-sloshing baffles, is shown in Fig. (4.4a). The

normalized peak stress reaches approximately 61% of the allowable limit (σ̄Al
SF).

This margin indicates that, subject to manufacturing feasibility, a moderate

reduction in the Al 2219-T8 liner thickness could potentially yield additional

mass savings without compromising structural integrity.

The tank layer that appears to limit global resistance is the low-density in-

sulating PUR. Specifically, as Fig. (4.4b) highlights, the safety-factor-adjusted

yielding threshold is reached along the central restrained edge on the outer
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foam surface. This behaviour suggests that improved structural performance

could be achieved either through the adoption of advanced insulation mate-

rials combining low density with enhanced stiffness, or by re-evaluating the

mechanical boundary conditions. In particular, less restrictive supports that

allow for controlled dimensional variations, or mounting strategies that dis-

tribute reaction forces over a wider contact area, may reduce stress concentra-

tions and improve the structural response. The localized stress peaks observed

on the foam surface indeed primarily arise from the combined effects of the

anti-sloshing baffles and the tank–airframe integration constraints, which lo-

cally inhibit the natural thermal contraction of the insulation layer. Given the

relatively low internal and hydrostatic pressures, the mechanical response of

the tank is predominantly driven by thermally induced loads. While relax-

ing the mechanical constraints would indeed reduce stress levels [50], practical

integration and safety considerations generally necessitate a certain degree of

over-constraining, thereby resulting in a hyperstatic structural configuration.

The heat-flux-per-unit-area distribution within the insulation layer is shown in

Fig. (4.4c). Localized increases in heat flux are observed in correspondence of

the refuelling cutouts, reflecting the thermal penalty associated with insulation

discontinuities and thermal bridging effects.

The structural performance of the composite outer shell is assessed using

the Hashin damage initiation criteria, considering fibre tension (HSNFTCRT)

and matrix compression (HSNMCCRT) failure modes. Owing to the symmet-

ric stacking sequence, the inner four plies yield analogous but lower-magnitude

indices and are therefore omitted for conciseness. The discussion is thus fo-

cused on the outermost composite plies. Figure (4.4d) presents the contour

distribution of the Hashin fibre tension index, which reaches its maximum

value in proximity to the cutout-induced geometric discontinuities. Simi-

larly, Fig. (4.4e) shows that the maximum matrix compression index is again
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strongly influenced by the tank–airframe integration strategy, with peak val-

ues occurring near the three restrained circular support edges. In both cases,

the maximum values of the fibre tension and matrix compression indices are

consistently observed within the 90◦-oriented plies.

(a)

σeq σeq

(b) (c)

(d ) (e)

θ = − 45∘

θ = 90∘ θ = 0∘

θ = 45∘ θ = − 45∘

θ = 90∘ θ = 0∘

θ = 45∘

[W /m2][MPa][MPa]

HSNFTCRT HSNMCCRT

HFL

Figure 4.4: Optimized UHARW vessels thermo-mechanical fields. Equivalent stress

in the inner (a) and middle (b) layers; heat flux per unit area in the middle layer

(c); Hashin fibre tension (d) and matrix compression (e) indices distribution for the

four more loaded plies of the composite outer shell.

Beyond the layer-wise thermo-mechanical response, consideration of the

global tank performance reveals an additional effect associated with fuel ca-

pacity scaling. The forward and aft tanks, designed to store 37% and 55% of

the reference tank volume Vtank respectively, provide insight into the scaling

behaviour characteristic of cryogenic storage systems. Accordingly, a reduction

in tank dimensions leads to an increased surface-to-volume ratio, which in turn
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increases thermal ingress, negatively affecting the insulation mass required to

satisfy a given boil-off rate constraint [5]. As a consequence, optimization

of the smaller UHARW storage tanks, while enforcing the daily boil-off rate

limit of 2.50%, results in a reduction of approximately 1% in ηtank relative to

Tank VI, which serves as the reference configuration for the storage system.



Chapter 5

Discussion, conclusions and future

work

This thesis presents the conceptual design and optimization of a passively

insulated sandwich-composite cryogenic pressure vessel for onboard LH2 air-

craft storage, together with a dedicated FEM-based optimization framework

tailored to this layered tank architecture. By coupling multiphysics finite-

element modelling with nonlinear constraint-based optimization, the proposed

methodology enables systematic exploration of the tank design space under

realistic thermal, structural, and integration constraints, with the objective of

minimizing tank mass while preserving thermo-mechanical feasibility. In this

sense, the work provides quantitative insight into the trade-offs governing the

performance of aviation-oriented hydrogen storage systems and supports the

identification of pragmatic storage architectures for future sustainable aircraft.

The results consistently show that composite-based tank architectures out-

perform metallic alternatives in terms of storage performance. While Al 2219-

T8 proves well suited for the inner liner, owing to its favourable cryogenic

strength and corrosion resistance, a structurally more efficient material is re-

115
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quired for the outer load-bearing shell. For such role, the use of high-strength

metallic alloys leads to significant penalties in mass, cost, manufacturability,

and material availability. Although Ti-6Al-4V is mechanically viable as an ex-

ternal shell material, the resulting optimized all-metal configuration achieves a

gravimetric efficiency below 30%, with the metallic outer layer alone account-

ing for more than 44% of the total tank mass.

By contrast, the adoption of composite materials for the external shell

emerges as a necessary condition for achieving competitive aviation storage

performance. Relative to metallic designs, CFRP-based configurations reduce

total tank mass by up to 59%, corresponding to an improvement in ηtank of

21.8%. Among the laminate solutions examined, the quasi-isotropic stacking

sequence consistently yields the minimum tank mass while satisfying all im-

posed constraints, and should therefore be regarded as a primary candidate for

the manufacture of the outer structural layer of composite cryogenic vessels.

Overall, these results indicate that the use of composite materials is a prereq-

uisite for high-performance LH2 storage systems in aviation applications.

From a geometric perspective, apart from purely spherical vessels, which en-

tail substantial aircraft integration penalties, configurations featuring a cylin-

drical section with hemi-spherical endcaps provide the most favourable thermo-

mechanical response. Nevertheless, practical aircraft integration may require

alternative dome geometries, such as hemi-ellipsoidal endcaps. For equal in-

ternal volume, these geometries induce a mass increase of 3.1% relative to

hemi-spherical counterparts, primarily because of their less favourable surface-

to-volume ratio. The resulting increase in heat ingress requires thicker insula-

tion to satisfy the prescribed boil-off rate constraint, thereby increasing overall

tank mass. The analyses further underline the importance of geometric scaling

and aircraft-level integration strategy in shaping the achievable performance

of liquid-hydrogen storage systems.
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The results also show that pragmatic features required for aircraft integra-

tion systematically introduce stress concentrations and mass penalties, high-

lighting the need to account for such effects already at the conceptual design

stage. For instance, the inclusion of refuelling cutouts, thermally represented

through localized penalties to reflect reduced insulation effectiveness, causes a

small but non-negligible increase in insulation thickness in order to preserve the

target thermal performance. Similarly, the incorporation of anti-sloshing baf-

fles, required to mitigate uncontrolled fuel motion during aircraft acceleration,

leads to a substantial increase in liner mass. For the configurations analysed,

the liner mass increases by approximately 40% relative to the corresponding

baffle-less solution. However, since this layer represents only about 1.6% of the

total tank mass, the impact on overall gravimetric efficiency remains limited,

on the order of 1%.

Ultimately, although the optimized composite-based designs presented in

this thesis do not reach the gravimetric efficiency threshold ηtank > 55%, iden-

tified by Adler et al. in Fig. (3.4) as critical for surpassing kerosene-fuelled

aircraft in range and energy efficiency, they consistently achieve values around

50%, even when realistic integration features are explicitly included. Accord-

ingly, the exploration of the optimized tank design space indicates that pas-

sively insulated composite-based architectures can approach the performance

levels required for viable H2-powered aviation, thereby confirming the effec-

tiveness of targeted optimization approaches for enabling high-performance

cryogenic storage. Such performance, however, has not yet been fully attained.

The thermo-mechanical analyses suggest that further progress may depend on

more refined tank-airframe integration strategies and on advanced insulating

materials capable of combining low thermal conductivity, low thermal diffu-

sivity, and high specific strength. These aspects may prove decisive in further

enhancing the performance of the proposed foam-based layered architecture.
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Accordingly, building upon these results, the following sections discuss the

methodological limitations of the present work and outline key directions for

future research aimed at extending the framework toward increased fidelity

and operational applicability.

5.1 Methodological limitations and scope of va-

lidity

The results presented in this thesis are subject to a number of methodological

limitations arising from a combination of modelling assumptions, uncertainties

in material behaviour under extreme conditions, and the necessity to adopt

simplified boundary conditions and operating scenarios to ensure computa-

tional feasibility.

Material properties at cryogenic temperatures represent a primary source

of uncertainty. While the numerical model adopted employs property val-

ues drawn from the available literature, parameters such as elastic moduli,

thermal conductivities, and failure strengths may exhibit variability due to

manufacturing processes, material heterogeneity, and temperature-dependent

effects that are not fully captured by nominal data. In composite materials,

additional sources of variability may stem from fibre misalignment and local

defects, which may influence the stress state and damage initiation at the local

scale [158]. Similarly, uncertainties in external heat-transfer coefficients, sur-

face emissivity, and environmental conditions may lead to localized variations

in predicted heat-flux distributions. Furthermore, all model parameters are

treated as deterministic inputs within the optimization framework, and the

propagation of parametric uncertainty is not explicitly addressed. Another

limitation lies in the scarcity of high-quality experimental data for validation.
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These uncertainties may affect the results at different extents. Variations

in thermal conductivity, external convection coefficients, or imposed boundary

temperatures directly modify the heat-flux distribution through the insulation

and, consequently, the predicted boil-off rate and required insulation thickness.

Likewise, uncertainties in elastic moduli, coefficients of thermal expansion, al-

lowable strengths, and idealized contact or constraint representations may in-

fluence the local stress peaks predicted near restrained edges, dome-cylinder

transitions, cutouts, baffle attachments, tank-airframe interfaces, and geomet-

ric discontinuities in general. Thus, the optimization results reported in this

thesis should be interpreted as deterministic outputs of the adopted modelling

assumptions. They are indeed suitable for comparing architectures, identify-

ing dominant design drivers, and quantifying achievable performance trends

within a consistent computational framework. They should not, however, be

interpreted as absolute design margins.

In this context, although the present study is computational in nature and

intended to support early-stage design decisions, experimental validation of

cryogenic hydrogen tanks for aviation remains challenging due to the limited

technology readiness level and the associated commercial sensitivity of these

systems. Despite these constraints, deviations in thermal or mechanical pa-

rameters may affect local stress or heat-flux levels, but are not expected to alter

the fundamental conclusions regarding the performance of the different mate-

rials and structural architectures identified in this work. Therefore, while the

adopted assumptions reduce the ability of the framework to capture stochas-

tic effects or time-dependent phenomena, they allow consistent comparison

across a large number of design configurations and enable the identification

of robust global design trends. Hence, future extensions of the methodology

may be directed toward the incorporation of uncertainty quantification and

reliability-based design principles. In particular, the integration of probabilis-
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tic material models, stochastic boundary conditions, and experimental data

for model calibration would enable systematic evaluation of design robustness

and the inclusion of confidence bounds on optimal solutions.

Finally, it must be noted that the optimized values of ηtank should be in-

terpreted in light of the adopted mechanical constraints. The optimization

indeed enforces material yielding and damage-initiation limits under represen-

tative thermo-mechanical operating conditions, but does not include burst-

pressure assessment, progressive damage evolution, or ultimate structural col-

lapse. Consequently, the optimized mass values quantify the attainable perfor-

mance of the proposed architectures within an early-stage damage-initiation-

constrained design framework. They should not be interpreted as burst-verified

or certification-ready design targets. Future burst-pressure-constrained opti-

mization may modify the optimum thickness distribution and could reduce the

attainable gravimetric efficiency if ultimate pressure loading or local reinforce-

ment requirements become sizing drivers.

5.2 Future developments in tank design and op-

timization

5.2.1 Transient mission-dependent thermal behaviour

As stated, the analyses presented in this thesis focus exclusively on steady-state

thermal conditions, which provide a consistent and computationally efficient

basis for comparative assessment and optimization of cryogenic storage tanks.

While this approach is well suited for the identification of design trends

and performance envelopes, it does not capture the inherently transient ther-

mal evolution experienced by cryogenic tanks throughout an aircraft mission.

In operational scenarios, the thermal state of a LH2 pressure vessel evolves
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continuously as a function of time, fuel consumption, and external boundary

conditions [60]. Extended pre-departure holds, as well as ground operations in

general, may subject the tank to considerable additional heat exposure, while

climb, cruise, and descent may be characterized by varying ambient tempera-

tures, convective heat-transfer coefficients, and cabin internal pressures.

In this context, a relevant operational constraint is represented by the al-

lowable dormancy time of the storage system. For aircraft applications, dor-

mancy is not limited to long-term storage, but also includes ground waiting

periods, refuelling-to-take-off intervals, taxi, turnaround operations, extended

pre-departure holds, and other non-propulsive phases of the mission. During

these intervals, heat ingress continues to promote liquid evaporation and ullage

pressurization, while propulsive fuel consumption is absent or strongly reduced.

Consequently, these phases affect tank performance through the accumulated

thermal load imposed before or between propulsive mission segments. For a

given tank architecture, longer non-propulsive periods increase the amount of

hydrogen that may evaporate, reduce the usable fuel available for the mis-

sion if venting occurs, and increase the demand on pressure-control systems.

Therefore, the relevant performance quantity is not only the instantaneous

boil-off rate, but also the integrated heat input over the complete operational

timeline. The practical consequence is that dormancy requirements may di-

rectly affect tank sizing, insulation design, pressure management, and safety

procedures. Longer allowable ground or pre-departure times require either

lower heat leak, larger pressure margins, active pressure-control strategies, or

acceptance of additional hydrogen losses. Increasing insulation thickness can

reduce heat ingress and extend dormancy, but it also increases tank mass

and external dimensions, thereby penalizing gravimetric and volumetric effi-

ciency [159]. Conversely, relaxing the insulation requirement may reduce tank

mass, but increases the likelihood of excessive boil-off, pressure rise, or vent-
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ing during non-propulsive mission phases. Accordingly, future extensions of

the present framework should treat dormancy as a mission-dependent opera-

tional constraint, linking integrated heat input, allowable pressure rise, vent-

ing strategy, hydrogen losses, and ground-safety procedures within a unified

tank–aircraft design assessment. Previous aircraft-level LH2 integration and

transient-operation studies support this perspective, showing that tank sizing

and storage-system performance should be evaluated together with the time-

dependent fuel demand and thermodynamic evolution of the storage system

[59].

Extending the present framework to account for transient thermal be-

haviour would therefore enable prediction of mission-dependent boil-off rates

and cumulative hydrogen losses, thus providing a more realistic assessment of

operational performance. Such transient analyses could support the develop-

ment of tank management strategies, including pressure control [160], venting

schedules, and integration within the aircraft environmental control systems.

From a modelling perspective, transient simulations introduce additional chal-

lenges related to computational cost and model complexity. Hence, specific

reduced-order thermal models or surrogate representations derived from high-

fidelity FE analyses may be required to maintain compatibility with multidis-

ciplinary optimization workflows.

5.2.2 Local thickness tailoring

The optimization framework developed in this thesis primarily employs global

or shape-specific thicknesses to balance structural integrity and mass efficiency.

While this approach enables efficient exploration of the design space and yields

physically consistent solutions, it limits the ability to exploit localized stress

patterns emerging from the FE analyses. Regions such as dome-cylinder in-
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terfaces, cutouts, and geometric discontinuities in general may experience con-

siderable stress concentrations, while large portions of the structure operate

well below critical limits. Globally parameterized thickness distributions may

therefore remain conservative.

To address this limitation and pursue additional performance improvement,

a natural extension of the present methodology is the introduction of patch-

wise thickness tailoring [161], in which the tank structure is subdivided into a

finite number of surface patches, each associated with an independent thickness

variable. This approach would increase the number of design variables and,

consequently, the computational cost, but may lead to more competitive stor-

age system performance. However, abrupt thickness variations between adja-

cent patches may introduce artificial stiffness discontinuities, mesh-dependent

stress peaks, or non-manufacturable local features. Accordingly, patch-wise

tailoring should be complemented by suitable regularization, smoothing, or

blending constraints, as commonly adopted in structural and topology op-

timization to mitigate spurious numerical patterns and mesh-dependent solu-

tions [162]. Additionally, further topology refinement may be achieved through

the addition of supporting structures, such as stiffening ribs, load-spreading

elements, or localized thickening [163].

The composite outer shell is modelled in the present work through an equiv-

alent laminate description with a prescribed stacking sequence. This mod-

elling choice is intended to support comparison between material architectures

and tank layouts, rather than to define an absolute manufacturing-ready tank

standard. The composite shell is assumed to be manufactured using filament

winding. However, no specific manufacturing assessment is carried out, as the

present work is intended as a conceptual design study focused on identifying

the governing thermo-structural aspects of the multilayer cryogenic tank rather

than establishing a complete pressure vessel design methodology. If filament
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winding were adopted, the laminate architecture would indeed have to be for-

mulated in terms of admissible hoop and helical winding paths, with particular

attention to the dome regions, where geodesic constraints, fibre-angle variation,

tow steering limitations, and thickness build-up may prevent the direct realiza-

tion of an idealized lay-up. Conversely, automated fibre placement could offer

greater freedom in reproducing locally tailored or quasi-isotropic laminates, but

at the expense of increased process complexity, possible steering-induced de-

fects, and additional inspection requirements. Moreover, the present laminate

model does not explicitly represent local ply terminations or manufacturing-

induced thickness transitions. Consequently, three-dimensional effects associ-

ated with ply drops, such as interlaminar stress concentrations, stiffness dis-

continuities, delamination initiation, and local load redistribution, are not cap-

tured [164]. This limitation may be relevant near dome-cylinder transitions or

cutouts where real composite tanks may exhibit failure mechanisms that are

not predicted by a homogenized model.

5.2.3 Extension to conformal tank architectures and al-

ternative insulation concepts

A further extension of the proposed framework concerns its application to con-

formal tank architectures, which represent a mitigation strategy to the spatial

integration challenges associated with cryogenic hydrogen storage in aircraft

[165]. Unlike cylindrical or spherical vessels, conformal tanks are shaped to

follow the available airframe volume, enabling improved volumetric efficiency.

For example, the tail-cone section of the fuselage offers a potential location for

conformal vessels, as such a component can be placed between the rear of the

passenger cabin and the auxiliary power unit, thereby minimizing interference

with payload and primary structural members.
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While extending the present modelling and optimization framework to con-

formal tanks introduces additional challenges related to geometric complexity,

the multiphysics and optimization capabilities developed in this thesis provide

a suitable foundation for such investigations. Moreover, the assessment of con-

formal H2 tanks would allow direct comparison between cylinder-based vessels

and airframe-adapted architectures, supporting trade-offs between mass and

volumetric efficiency at the aircraft integration level.

A further line of development concerns the adoption of advanced insulation

concepts. Beyond the foam-based solutions considered in the present work,

future investigations may address alternative insulation systems capable of

further reducing heat ingress. In this respect, high-performance vacuum-based

insulation concepts may represent a promising option, provided that adequate

levels of reliability, gravimetric efficiency, and durability can be ensured under

realistic operating conditions.

5.2.4 Structural health monitoring and non-destructive

testing

The use of mandated safety factors in H2 tank design, typically ranging be-

tween 1.4 and 2.0, is further augmented by uncertainties associated with ma-

terial characterization, manufacturing-related variability, and the mechanical

and thermal behaviour of materials under severe operating conditions, par-

ticularly when advanced or non-traditional materials are employed [42]. This

results in design conservatism, which, however, significantly constrains the

achievable mass efficiency of hydrogen storage systems, making the develop-

ment of lightweight tank architectures particularly challenging.

A potential pathway to alleviating this conservatism lies in the systematic

integration of structural health monitoring (SHM) and non-destructive test-
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ing (NDT) technologies, which can enable continuous or periodic assessment

of structural integrity and provide quantitative information on local damage

states and operating conditions, thereby supporting the adoption of less con-

servative σ̄SF design values [93]. Nevertheless, the implementation of SHM

in cryogenic pressure vessels remains non-trivial, as low temperatures and re-

peated thermal cycling may adversely affect sensor durability, measurement

quality, and long-term signal reliability [94]. Recent experimental investiga-

tions indicate that embedded sensing solutions, such as Lead Zirconate Ti-

tanate (PZT)-based transducers and optical fibre systems, can retain function-

ality under cryogenic environments while enabling effective damage detection

and hydrogen leakage monitoring [95, 96].

For reusable liquid hydrogen tanks, future research should therefore fo-

cus on the development of integrated monitoring architectures that combine

real-time in-flight sensing with advanced ground-based NDI methods. Such

frameworks require optimized sensor placement, robust data-processing strate-

gies, and experimentally validated failure-mode identification approaches, with

particular attention to composite tank configurations operating under extreme

conditions [97].

5.3 Component interface with aircraft systems

and crashworthiness assessment

The interface between the highly specialized cryogenic tank and the aircraft

structure represents a design challenge extending beyond the vessel itself, as

it directly affects overall system safety and crashworthiness, in addition to

the structural integrity and thermal performance discussed previously. While

the present work models the tank as a non-integral self-supporting component
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with simplified, yet prototype-inspired, boundary conditions, future develop-

ments may explicitly address the design of tank–airframe interfaces capable of

meeting safety requirements without compromising thermal efficiency.

From a structural perspective, tank mounts must ensure reliable load trans-

fer under normal operating conditions, while accommodating both thermal

and pressure-induced deformations. Concurrently, structural attachments may

constitute a substantial source of parasitic heat ingress. Mounts that mechan-

ically bypass the insulating layer may act as thermal bridges, thereby degrad-

ing insulation performance and increasing boil-off rates [166]. Conventional

metallic attachment solutions may therefore be challenging in cryogenic appli-

cations, as they combine high structural stiffness with high thermal conductiv-

ity. Hence, tank supports in LH2-powered aircraft must reconcile competing

requirements through thermally decoupled load paths or hybrid solutions that

minimize conductive heat flow while maintaining adequate crash-load capacity.

Additionally, crashworthiness considerations impose further and potentially

dominant constraints on the design of the tank–airframe interface [167]. In the

event of a crash, attachment systems must absorb and dissipate kinetic energy

while preventing catastrophic tank rupture or penetration of the pressure vessel

by surrounding elements [168]. Crash-compliant mounting concepts may there-

fore incorporate sacrificial elements or controlled failure paths that limit peak

loads transmitted to the tank during impact. In this context, the integration of

self-sealing technologies represents an interesting prospect for enhancing crash

safety. Self-sealing liners could limit hydrogen leakage in the event of localized

damage or penetration [169]. When combined with crash-compliant mounting

systems, such approaches could significantly improve the overall survivability

of the H2 system.

Beyond structural attachments, the tank–airframe interface also involves

multiple interactions with aircraft subsystems, including but not limited to
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fuel feed and venting lines, gas extraction devices, leak detection systems, the

environmental control system, and multiple sensors. The integration of such

subsystems may introduce additional geometric discontinuities and potential

thermal bridges.

5.4 Safety, risk, and certification aspects

5.4.1 Risk assessment and mitigation

The introduction of LH2 as an onboard energy carrier alters the aircraft risk

landscape relative to mature kerosene-based systems, thus requiring systematic

safety assessment methodologies from the earliest design stages. In contrast to

conventional fuel systems, cryogenic H2 storage introduces hazards associated

with extremely low temperatures, rapid phase change, and high flammability,

all of which must be addressed within an integrated risk management frame-

work.

A necessary step in the safety-driven development of hydrogen-powered air-

craft is the application of formal hazard identification and analysis techniques

[170]. Hazard Identification (HAZID) is a qualitative, high-level process aimed

at identifying hazard scenarios, together with their potential causes and conse-

quences. HAZID studies can be used to systematically identify hazards related

to tank rupture, leakage, venting malfunctions, thermal insulation failure, and

unintended interactions with surrounding aircraft systems. As the technology

matures, Hazard and Operability Analysis (HAZOP) will provide a comple-

mentary and more detailed methodology, focusing on deviations from intended

system behaviour and their potential impact on safety and operability. By col-

lecting and monitoring parameters such as pressure, temperature, flow rate,

and structural integrity, HAZOP studies will enable structured exploration of



Chapter 5. Discussion, conclusions and future work 129

abnormal conditions that may arise during flight operation, refuelling, ground

handling, or emergency scenarios.

Risk mitigation strategies emerging from both HAZID and HAZOP stud-

ies will likely include measures such as multiple system redundancy, physical

isolation of hydrogen systems, controlled venting paths, and crash-compliant

mounting concepts.

5.4.2 Regulatory framework and certification pathways

The current airworthiness framework for large transport aircraft has been de-

veloped around conventional kerosene-based fuel systems and does not explic-

itly address the distinctive features associated with cryogenic hydrogen storage

and distribution [171]. As a result, while many CS-25 requirements remain ap-

plicable at a high level, substantial gaps persist with respect to H2-specific as-

pects [172]. Under the existing regulatory structure, hydrogen-powered aircraft

would likely be certified through a combination of compliance with applicable

CS-25 paragraphs and the definition of Special Conditions, Equivalent Level

of Safety (ELOS) findings, or Issue Papers to address aspects not covered by

current rules. In particular, key areas in which CS-25 [116] currently lacks ex-

plicit guidance include the treatment of cryogenic temperatures, management

of boil-off and vented fuel, crash behaviour of cryogenic pressure vessels, and

the consequences of H2 leakage and dispersion within the aircraft. Hence, the

current absence of specific certification standards introduces uncertainty and

should motivate, in the near future, the implementation of dedicated Accept-

able Means of Compliance (AMC), or, in the longer term, hydrogen-specific

airworthiness requirements explicitly addressing the unique aspects of sustain-

able aviation.

As the regulatory framework evolves to include H2 aircraft operations, com-
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putational modelling tools such as those developed in this thesis may play an

important role in enabling the safe introduction of alternative storage systems

into commercial aviation. In this sense, the work presented here may contribute

to the technical foundation required to support future certification processes.

The proposed thermo-mechanical modelling framework, in fact, provides in-

sight into structural margins, thermal behaviour, and failure-sensitive regions

of cryogenic aircraft tanks. These results can be used to inform safety objec-

tives, support the definition of certification assumptions, and contribute to the

technical formulation of future regulatory requirements for H2 operations.
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