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Abstract

In response to the climate crisis, the aviation industry pledged through ICAO to become climate neutral by
2050. One of the most promising solutions to achieve this goal is the introduction of hydrogen-fueled aircraft.
Using hydrogen as fuel on an aircraft presents however huge challenges, especially due to its complex storage,
as it must be stored in pressurized cryogenic tank. This study focuses on the integration of a medium-fidelity
cryogenic hydrogen tank model into an overall aircraft design tool (FAST-OAD) and its exploitation to optimize
a hydrogen aircraft. This integration allows the comparison of different tank configurations at the aircraft level
and the search of the optimum ones, depending on the high-level requirements or optimization criteria.
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1. Introduction
In its sixth assessment report [1] the Intergovernmental Panel on Climate Change clearly states that
human activities emitting greenhouse gases are the main cause of current global warming. To limit
the negative impact that climate change will have on human society, countries around the globe
signed the Paris Agreement in 2015, promising to cut their greenhouse gas emissions to stay below
a 2◦C increase on earth by 2100 and even below 15◦C if they can. The aviation industry is part
of these activities emitting greenhouse gas, its CO2 emissions being responsible for around 3% of
the current radiative forcing on earth. But if non-CO2 effects are included (mainly NOx emissions
and contrails formation), this share rises to approximately 5-6% of the radiative forcing, although a
big uncertainty margin remains on that second part [2]. This situation pushed the International Civil
Aviation Organization (ICAO) to declare that the aviation industry will pursue the objective of becom-
ing climate neutral by 2050 to stay aligned with the Paris Agreement. One of the most promising
solutions to reach climate neutrality in aviation is the use of new carbon-free fuels on aircraft, like
hydrogen. Hydrogen doesn’t emit CO2 indeed when burned in a gas turbine or consumed in a fuel
cell to produce electricity, so hydrogen aircraft would indeed emit no CO2 if hydrogen was produced
in a sustainable way. Concerning non-CO2 effects, fuel cells simply don’t produce any, while studies
have shown promising possibilities to reduce NOx emissions and contrail impact of hydrogen turbine
[3].
Designing a hydrogen aircraft for commercial use remains however a technological and economic
challenge. If some prototypes have already flown in the past, none have already been fully designed,
built, and certified. It is a very disruptive concept compared to kerosene aircraft that requires a
profound revision of classical design methods. The cryoplane study [4] demonstrated nevertheless
in 2003 already that this solution is technically feasible with lots of further research and development.
If hydrogen aircraft are so difficult to design, it is mainly due to the storage of hydrogen onboard.
Hydrogen has indeed a very low energy density at standard temperature and pressure. Except
maybe for regional flight, which is not the focus of this study, it must so be stored in liquid form
to reach an acceptable storage volume. But even so it requires roughly four times the volume of
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kerosene to store the same amount of energy. Hydrogen is moreover liquid at 20K, so a hydrogen
tank must be cryogenic and able to hold the pressure of hydrogen boiling off inside. The tank design
becomes consequently much more complex and heavy, necessitating its inclusion in the conceptual
design phase of the aircraft, as it will have a major influence on the aircraft’s performance. This
impact is closely related to the tank gravimetric efficiency or gravimetric index (GI), defined as:

ηgrav =
mH2

mH2 +mtank
(1)

The dependency of hydrogen aircraft energy consumption to their tank gravimetric index was illus-
trated by Adler and Martins in [5]. What should be noticed in their work is that the energy consumption
of hydrogen aircraft increases exponentially when their tank gravimetric index deteriorates, and even
more so for longer ranges. At 5000 nm range for example, a hydrogen aircraft with a GI of 0.55
consumes approximately as much energy as a kerosene aircraft, but it consumes 15% more at a GI
of 0.4, 50% at GI of 0.3 and more than 100% at a GI of 0.2. Adler and Martins found however in their
review of liquid hydrogen aircraft design studies that this index varies from 20% to 85% depending
on technology and modeling choices. In regards to the high sensitivity of a hydrogen aircraft to its
tank characteristics, it is necessary to use a cryogenic tank model of relatively high fidelity at the
conceptual level of the aircraft. This model must be generic and have a sufficient parametric degree
of freedom to explore different design configurations. To fully explore all the designs, it must also
remain lightweight enough to be run in an iterative optimization process.
Designing a cryogenic tank for an aircraft is indeed a trade-off between the thermal and structural
performance of the tank. More insulation reduces hydrogen loss due to boil-off, but also increases
the weight of the insulation, which increases fuel consumption. The second option, increasing the
maximum tank design pressure, delays the need for venting but requires a heavier structure too. A
complete tank model must then be able to determine the quantity of hydrogen lost due to boil-off by
estimating how much heat is entering the tank during the mission while also sizing the structure of
the tank. But in order to optimize this trade-off, the tank model must be integrated into a complete
tank overall design analysis. The tank mass will indeed affect the aircraft design in multiple ways, like
its volume or integration, and these impacts can only be fully assessed in an overall design multidis-
ciplinary analysis. Once this integration is completed, it becomes possible to determine which tank
insulation technologies or configurations would be best suited and what the benefits and drawbacks
of the different tank integration possibilities are. Several studies have tried to design hydrogen air-
craft. Most authors use a thermal model derived from the one initially developed by Verstraete in [6]
with the help of previous work made by Brewer in [7]. For structure sizing, two different possibilities
arise: an integral tank where the structure is part of the fuselage or a non-integral tank, where the
tank is simply placed inside the fuselage. Brewer [7] prefers the integral concept because it should
save on mass and facilitate inspections. Verstraete [8] chooses this configuration for the same rea-
sons, whereas Winnefeld et al. [9] only consider non-integral tanks. Onarato and al. [10] tried to
model both concepts. But none of those studies compared both concepts at the aircraft level within
a multidisciplinary design analysis and optimization (MDAO), as their choice was based on expert
judgment.
The purpose of the present study is to use a new model for an aircraft’s hydrogen tank integrated into
FAST-OAD [11], which is an overall aircraft design tool, in order to optimize a full hydrogen aircraft.
This will determine which tank configurations or technologies are best suited for each aircraft design
mission. The tank model used for this will also be of higher fidelity than the previous studies. The
structure of this paper will first describes this new model and how it was implemented in FAST-OAD.
Then several aircraft design analyses will be presented to explore the different hydrogen aircraft
configuration and optimization cases will be performed to determine the best design choices and the
feasibility or performance of such aircraft

2. Methodology
2.1 FAST-OAD : an Aircraft Design Tool
Aircraft design is a complex process as it involves multiple disciplines (aerodynamics, structure, con-
trols, etc.) that are coupled because they depend on each other. For example the aerodynamic loads
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Figure 1 – FAST-OAD multidisciplinary Analysis process [11]

on the wing depend on its shape, but these loads deform the shape of the wing. These are the basic
inter-coupled disciplines of aircraft design but there are lots of others. To solve this problem, the
multidisciplinary design analysis and optimization paradigm have emerged recently. The idea with
MDAO is to solve an analysis with multiple coupled disciples in an iterative and automated process.
This was implemented by ONERA and ISAE-SUPAERO in FAST-OAD (Future Aircraft Sizing Tool
Overall Aircraft Design) [11]. In his current version, FAST-OAD loops the multidisciplinary analysis
around the fuel mass. It computes indeed the fuel mass required for the mission based on an initial
maximum take off mass (MTOW) guess and sizes the structure based on this fuel mass and the Top
Level Aircraft Requirements (TLARs). It can then determine the updated MTOW of this aircraft as it
knows the structure mass. It can finally recompute the updated fuel mass with a time-step integration
of the mission profile and restart the process until the fuel mass and aircraft mass converges on a
feasible aircraft design. The MDA process is represented on figure 1.
To ease the MDA process, FAST-OAD was implemented in Python under the OpenMDAO format
developed by the NASA [12] which specifically address this type of problem.
FAST-OAD was developed originally for conventional Tube and Wing (T&W) small to medium range
aircraft. To be able to design hydrogen aircraft some module of the program had to be modified:

• Propulsion module: Several conventional aircraft has already been converted to hydrogen (for
example the US successfully modified a B-57 to fly on liquid hydrogen [13] in the 1960’s). This
suggest that an hydrogen turbine won’t differ that much from a conventional gas turbine. At
the conceptual design level and for a first approach, it was considered acceptable to represent
in FAST-OAD hydrogen turbines with the same rubber engine as for conventional one. The
consumed fuel flow was just reduced by the ratio of specific energy between hydrogen and
kerosene (so by approximately 3).

• Geometry module: The geometry module define the geometry of each aircraft component
based on their masses and a few empiric rules. It was also modified to compute the tank
geometry depending on block fuel. The choice was made to always place the tank(s) behind
the cabin. The tank modeled are cylindrical tank with hemispherical or elliptical bulkhead. The
method to size the tank use the diameter of the fuselage and the fuel mass to determine the
tank length, taking into account the insulation and wall thickness, the bulkhead shape and the
number of tank as well as the distribution of the fuel if there are multiple tanks. The tank length
is then added to the fuselage length.

• Weight module: In this discipline the structural model presented in section 2.2is added to size
the tank and determine its mass based on its geometry, its materials and its specific constraints.

• Handling quality module (HQ): while defining the tank geometry, the center of gravity of the tank
are also computed to be considered when assessing the stability and control of the aircraft

• Performance module: that is where the time-step integration of the mission occurs. There the
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Figure 2 – Tank structure [14]

Figure 3 – Super stiffener representation [14]

thermal model present in section 2.3is past-processing the mission to determine the boil-off at
each time-step. The amount of hydrogen boil off is then added to the total block fuel.

2.2 Tank structure sizing
The structural model of the tank is an important part of tank design process, as the majority of
the tank weight is indeed due to its structure. The tank structure must be able to hold a pressure
differential between the interior and exterior of the tank. As the liquid hydrogen is stored at 20K, the
tank internal pressure should always stay above the external pressure to avoid air or water leaking
inside and freezing, clogging the fuel system. With hydrogen boiling-off the internal pressure will also
rise, so a maximum pressure differential with the exterior environment must also be set in the design
constraints. As the tank is placed in an aircraft, most probably in a non-pressurized section of the
fuselage, this fixed pressure differential will lead to a maximum and minimum acceptable pressure
in the tank evolving during the flight with the atmospheric pressure. In the case of an integral tank
concept, the structure is part of the fuselage and must as a consequence also support the different
bending and shear loads of the fuselage. The methodology used to design the structure of the tank
is the same as the one presented by the authors in [14] and it will be briefly summarized.
The structure of a cylindrical-shaped tank is composed of the tank wall and the stiffening frames and
stringers, as represented in figure 2. The frames are longitudinal stiffeners, while the frames are
circular ones. Like the skin, they must respect specific requirement as the current CS-25 states[15] :
the skin must withstand the operational load alone, which is the bending, shear, torsion, and pressure
load encountered during a nominal mission. This means that it must be thick enough to not suffer
plastic deformation under those loads. The skin should also not buckle up to the operational load. As
the skill buckling depends on the stringers and frames pitches (respectively a and b on figure 2), this
criteria determines how many frames and stringers are needed on the tank.
Above the operational load up to the ultimate load, defined as two times the operational load, the
super stiffening structure must bear all the load as the skin is assumed to have buckled. Super stiff-
eners are the frames and stringers augmented with a part of the tank’s skin around their attach point
that hasn’t buckled [16] as represented on figure 3. The superstiffening structure is then sized to stay
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Figure 4 – Heat flows impacting a cryogenic hydrogen tank

below the break stress at the ultimate load but also to remain in elastic deformation at the limit load,
defined as the ultimate load divided by 1.5 (approximately 1.33 times the operational load). Once the
skin thickness and stiffeners sections are determined, it becomes possible to compute their volume
and so their masses.

2.3 Tank thermal analysis
A liquid hydrogen tank is said to be cryogenic because it must keep the fuel at around 20K. Designing
such a tank requires a detailed thermodynamic analysis to know what insulation is needed and how
the liquid hydrogen will evolve during the mission. The tank will indeed not stay at a constant tem-
perature or pressure during the whole mission. The heat leaking inside the tank will cause hydrogen
to boil off, which will increase the interior pressure. The tank is therefore in a a periodic cycle of self-
pressurization and venting, where hydrogen is released in order to stay below the maximum design
pressure. The adopted thermodynamic model for both the self-pressurization and venting phases is
detailed in a previous papaer of the authors [17] but will be summarized in the following paragraphs.

In the entire thermal model, thermodynamic properties of chemical species are computed using the
CoolProp Python library [18] or using the thermodynamic properties interpolation created by Ramos
in [19].

2.3.1 Thermal circuit model
The thermodynamic model of the tank is divided into three parts: the thermal circuit, which estimates
of much heat is entering the tank, the boil-off model, which describes the evolution of the fuel in the
tank in response to this heat inflow; and the venting phase, which occurs when the pressure reaches
its maximum.
The first part is called the thermal circuit model because it uses an analogy with electrical resistance
to determine the incoming heat flow. With this approach, different heat flows associated with different
physical phenomena are computed and then added. The model considers two surfaces that are
assumed to always be in thermal equilibrium: the tank internal surface, called the tank wall, and the
tank external surface, or the tank skin, which can also be the aircraft skin if the tank is integral.
For the tank skin, four heat flows represented on figure 4 can be considered [6], [20]:

• Convective heat flow : Q̇ext,conv

• Conductive heat flow through the insulation: Q̇cond

• Radiative heat flow towards the exterior environment: Q̇rad

• Solar irradiation: Q̇solar

For the internal wall of the tank, three phenomena should be taken into account:
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• Natural convection on the internal wall: Q̇int,conv

• Conductive heat flow through the insulation: Q̇cond

• Hydrogen boiling on the wall : Q̇boil

The heat flow entering tank is equal to the sum of the convective heat flow and the flow associated
with hydrogen boiling on the wall (which is zero if the wall is in contact with gaseous hydrogen), both
of which depends on the wall temperature. With the thermal equilibrium assumption, Twall can be
obtained by solving the following system:{

Q̇ext,conv + Q̇rad − Q̇solar − Q̇cond = 0
Q̇int,conv − Q̇boil − Q̇cond = 0

(2)

THe system 2 is in fact solved several times, one for each "region" of the tank which are determined by
the internal environment (gaseous or liquid hydrogen) and the external environment (aircraft interior
or atmosphere, lit or not by the sun) in contact with the tank. This yields multiple heat flows entering
the gaseous or liquid hydrogen volumes. Those heat flows are then summed up to determine the
total flow arriving in each phase.

2.3.2 Boil off model
Once the heat transfer to the liquid and gaseous hydrogen is known, it becomes possible the de-
termine the evolution of both hydrogen phase. Unlike most previous studies, the model used here
doesn’t make the homogeneous tank assumption but considers three separate control volumes: bulk
liquid hydrogen, gaseous hydrogen, also called the ullage, and the interface between both, which
is an infinitely thin layer with a definite temperature but no mass, like Ramos in [19]. The state of
these control volumes is fully described with only four variables: Tg,Tl, mg and Vg. By applying the
conservation of energy the system 3 is obtained.

ṁg =
Q̇gs−Q̇sl

hvap+cp,l(Ts−Tl)+(hg−hsat)
+ ṁboil + ṁpressurization

Ṫg =
Q̇eg−Q̇gs−PgV̇g+ṁghg+hlṁboil−ṁgug

mgcv,g

V̇g =
ṁg+ṁ f

ρl

Ṫl =
Q̇el+Q̇sl+PlV̇l−ṁghl+hlṁ f −ṁlul

mlcp,l

(3)

A representation of the model can be seen in figure 5[ht]

2.3.3 Venting
By providing an initial tank state and a mission profile where the fuel flow, the altitude and the mach
are given as a function of time, it becomes possible to solve both systems ?? and 3 and estimate the
evolution of the tank state during the mission. During the mission, hydrogen boil-off will increase the
pressure in the tank and once the maximum pressure is reached, hydrogen will be vented. The vent-
ing is considered to be instantaneous and immediately after, the pressure is equal to the minimum
pressure admissible in the the tank. The temperature of the ullage is also reset to the saturation tem-
perature at this minimum pressure. The ideal gas law allows then to determine how much hydrogen
has been vented [19]:

mvent = mg,1 −mg,2 =
P2mg,1Tg,1

P1T2
(4)
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Figure 5 – Self-pressurizing hydrogen tank model [17]

3. Expected results
With the tank model now fully integrated into FAST-OAD, it becomes possible to realize sensibility
analysis or optimization of tank design parameters at the entire aircraft level. Multiple parameters
will be studied. One of the most interesting is for example the impact of an integral or non-integral
tank on the aircraft’s performance. The impact of this choice is already visible at the tank level, as
shown in figure 6. This graph shows how a non-integral tank mass would evolve in response to the
percentage of the fuselage load that is transmitted to it at two maximum pressures. An integral tank
corresponds then to the 100% load transmission factor. The behavior of the tank is obviously quite
complex and more analysis will be needed to better understand the reasons for it. Other studies that
will be realized include the assessment of the penalty of having two hydrogen tanks for safety reasons,
the optimization at the aircraft level of the insulation thickness and the maximum tank pressure, the
sensitivity of the aircraft’s performance to the insulation and tank wall material, or to its design mission
TLARS. Mixed-variable optimization, where the variable to optimize isn’t always a continuous variable
but can also be a categorical or integral variable, is also considered to determine at the aircraft level
the optimum number of tank, their best integration configuration or even the best fuselage diameter
depending on seat layout.

Figure 6 – Impact of tank integration in the fuselage on weight
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