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Abstract
The aviation sector faces increasing pressure to significantly reduce its climate impact. Particularly in
the medium-range narrowbody aircraft segment, which accounts for a large share of global passenger
traffic and emissions, large gains can be made. While hydrogen propulsion offers the potential for zero
in-flight CO2 emissions, its implementation is challenged by volumetric storage penalties, operational
limitations and infrastructure development. A dual-fuel aircraft concept, capable of operating on both
liquid hydrogen and kerosene or sustainable aviation fuel (SAF), may provide a transitional solution
that balances environmental benefits with operational flexibility. While previous studies into dual-fuel
propulsion concepts showed the potential to reduce CO2 emissions, a research gap was identified in
the development of a conceptual aircraft design method employing sequential dual-fuel use throughout
the mission.

This thesis investigates the impact of implementing a dual-fuel propulsion system using hydrogen and
kerosene (or SAF replacement) on the design and performance of a medium-range narrowbody tube-
and-wing turbofan aircraft. A parametric conceptual design model is developed using Python and the
commercial ParaPy Python package, incorporating preliminary aircraft sizing, hydrogen tank structural
and thermal modelling, aerodynamic analysis, engine performance modelling, mission analysis and
well-to-wake energy and emission evaluation. Several fuel-use scenarios are evaluated, including full
kerosene, full hydrogen, hydrogen-kerosene combinations, and varying fuel splits during cruise, for
design ranges of 2500 km and 5000 km.

The results show that introducing dual-fuel capability mainly affects aircraft design through an increase
in fuselage length due to hydrogen tank integration, with this effect being more pronounced at 5000
km than at 2500 km range. Across both ranges, increasing hydrogen use reduces total fuel weight,
but increases operational empty weight, resulting in only small changes in maximum take-off weight
due to these counteracting effects. Dual-fuel operation partially mitigates the fuselage length and pas-
senger capacity penalties observed for full-hydrogen configurations at both ranges. Although tank-
to-wake CO2 emissions decrease with increasing hydrogen use, overall equivalent CO2 emissions
remain strongly dependent on hydrogen production pathways, with dual-fuel operation offering advan-
tages over full-hydrogen concepts under near-term electricity grid assumptions. Overall, this study
demonstrates that dual-fuel aircraft concepts offer a promising intermediate pathway towards aviation
decarbonisation, enabling gradual integration of hydrogen while maintaining competitive operational
performance.
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cg Geometric chord m
cr Root chord length m
ct Tip chord length m
c̄ MAC length m
D Drag N
D Engine diameter m
Dnac Nacelle diameter m
Dtank Tank diameter m
df Fuselage diameter m
E Endurance s
Ew−t Well-to-tank energy consumption J
Et−w Tank-to-wake energy consumption J
e Oswald efficiency factor –
el Energy of hydrogen liquefaction kWh/kg
ew Weld efficiency factor –
e0 Emissivity of tank surface –
FF Form factor –
f Equivalent parasite area m2

f Fineness ratio –
ff Fuel weight fraction –
g Gravitational acceleration m/s2



Nomenclature x

Symbol Definition Unit
h Altitude m
hf Fuselage height m
hrad Coefficient of heat transfer from radiation W/m2/K
k Conductivity of tank layer W/m/K
k Skin roughness height m
ka Thermal conductivity of air W/m/K
kboiloff Scaling factor for boil-off rate –
kdry Dry wing correction factor –
kn Engine type correction factor –
ksemidry Semi-dry wing correction factor –
ktc Scaling factor for fuselage tailcone length to diame-

ter
–

L Lift N
Lcyl Length of cylindrical centre section of the tank m
L/D Lift-to-drag ratio –
L/D midcruise Lift-to-drag ratio at the middle of the cruise phase –
LHV Lower heating value J/kg
l Characteristic length to compute Reynolds number m
lfn Distance from fuselage nose to wing-fuselage inter-

section
m

lfus Fuselage length m
lH2tank Length of fuselage hydrogen tank section m
lh Moment arm horizontal tailplane m
lh ln Nacelle length m
lnc Length of fuselage nose cone m
lpax Length of fuselage passenger accommodation m
ltank Total tank length m
ltank,cs Length of tank centre section m
ltc Length of fuselage tailcone m
lv Moment arm vertical tailplane m
M Mach number –
Mfuel Fuel mass kg
Mcr Critical Mach number –
Mcruise Cruise Mach number –
MDD Drag divergence Mach number –
M† Mach number for supercritical airfoils –
mCO2

Mass of CO2 emissions kg
mcap,tank Weight of wing fuel tank capacity kg
memp Empennage weight kg
mengines Engine weight kg
mfuelsys,H2 Weight of fuel system for H2 kg
mfuelsys,JetA1 Weight of fuel system for Jet-A1 kg
mfus Fuselage weight kg
mgear Landing gear weight
mH2 Hydrogen weight kg
mJetA Jet-A1 weight kg
mtank Hydrogen tank weight kg
mw Wing weight kg
ṁboiloff mass flow of hydrogen boil-off kg/s
ṁcruise Fuel mass flow rate at take-off kg/s
ṁTO Fuel mass flow rate at take-off kg/s
Neng Number of engines –
Nft Number of fuel tanks –
Nult Ultimate load factor –



Nomenclature xi

Symbol Definition Unit
Nu Nusselt number –
naisle Number of aisles –
nSA Number of seats abreast –
Pr Prandtl number –
Pout Pressure outside the hydrogen tank Pa
Pvent Vent pressure of the hydrogen tank Pa
Q Interference factor for drag calculations –
Q̇ Heat flux rate W
q Dynamic pressure Pa
R Range m
R Thermal resistance K/W
Ra Rayleigh number –
Re Reynolds number –
Recutoff Cut-off Reynolds number –
Retrans Transition Reynolds number –
Rair Thermal resistance of air layer K/W
Rconv Thermal resistance of convection K/W
Rcond Thermal resistance of conduction K/W
Rins Thermal resistance of insulation layer K/W
Rrad Thermal resistance of radiation K/W
Rwall Thermal resistance of tank wall K/W
R1 Stress ratio at cryogenic temperatures at reverse

loading conditions
–

R2 Stress ratio at operational conditions –
RoC Rate of climb m/s
rfus Fuselage radius m
rshell Internal radius structural shell m
rtank Total tank radius m
r0 Outer radius of tank layer m
S Wing area m2

SEC Specific energy consumption MJ/PAX/km
Sh Horizontal tail surface area m2

Smax Maximum wing surface area m2

Sref Reference wing surface area m2

Sv Vertical tail surface area m2

Swet Wetted surface area m2

sclearance Clearance between outer seat armrest and cabin
wall

m

sLF Landing field length m
Tamb Ambient temperature K
Tcruise Cruise thrust N
TH2 Hydrogen temperature K
Tins Insulation temperature K
TTO Take-off thrust N
Tsurf Outer surface temperature K
TSFC Thrust specific fuel consumption kg/(N s)
T/W Thrust loading –
t Thickness of tank layer m
tr Thickness of wing root m
t/c Thickness-to-chord ratio –
tcap Wall thickness of hemispherical cap m
tins Insulation thickness m
tshell,cs Wall thickness of tank centre section m
Tt4 Turbine inlet temperature K



Nomenclature xii

Symbol Definition Unit
V Velocity m/s
VA Approach velocity m/s
Vcaps Volume of end caps m3

Vcap,tank Volume of wing fuel tank capacity m3

Vh Horizontal tail volume coefficient –
VH2 Hydrogen volume m3

Vh/V Tail to wing velocity ratio –
Vstall Stall velocity m/s
Vtank,allowance Hydrogen volume corrected for allowances m3

Vv Vertical tail volume coefficient –
vclimb Average climb velocity m/s
W Weight kg
W/S Wing loading N/m2

Wapsi Weight of APSI kg -
Wfs Fuel system weight kg
Ww Wing weight kg
WZF Zero fuel weight kg
waisle Aisle width m
warmrest Armrest width m
wcabin Cabin width m
wf Fuselage outer width m
ws Seat width m
XCG X-coordinate of centre of gravity m
XCG,aft X-coordinate of the most aft centre of gravity m
XCG,fwd X-coordinate of the most forward centre of gravity m
Xlemac X-coordinate of the leading edge of MAC m
Xnp X-coordinate of neutral point m
Xnp,corr X-coordinate of corrected neutral point m
x̄ac Non-dimensional X-position aerodynamic centre –
x̄cg Non-dimensional X-position centre of gravity –
(x/c)m Chordwise position of maximum thickness –
Ȳ Spanwise position of MAC

Greek symbols
α Angle of attack deg
αa Diffusivity of air m2/s
β Volumetric thermal expansion coefficient 1/K
∆He Heat of evaporation J/kg
∆T Temperature difference K
δlam Fraction of laminar flow –
ε Downwash angle deg
ηe Efficiency of hydrogen electrolysis –
ηtank Tank gravimetric efficiency index –
κA Korn factor –
Λc/2 Half-chord sweep angle deg
Λc/4 Quarter-chord sweep angle deg
Λm Sweep angle at maximum thickness deg
λ Wing taper ratio –
λHT Horizontal tailplane taper ratio –
λV T Vertical tailplane taper ratio –
ν Kinematic viscosity of air m2/s
ϕ Fuel split –
ρ Density kg/m3

σ Design stress tank shell Pa
σb Ultimate stress Pa



Nomenclature xiii

Symbol Definition Unit
σa,−1 Stress corrected for reverse loading Pa
σa,R1 Design stress tank wall material Pa
σbolt Stefan-Boltzmann constant W/m2/K4

τ Ratio of thickness-to-chord ratio of wing tip and root –



1
Introduction

In today’s world, air travel has become an integral part of our society. It enables people to travel across
the globe within 24 hours. In 2019, around 4.5 billion passengers used this mode of transport, thereby
connecting societies and economies [1]. In other words, the aviation is an important interconnecting
backbone of our society, and it is impossible to imagine a strongly connected world without it.

It is estimated that aviation is currently responsible for around 2.5% of global carbon dioxide emissions
and 3.5% to global warming [2]. Over the past decades, aircraft have become substantially more fuel-
efficient and less polluting. However, this improvement is more than compensated by the increasing
demand for air travel, thereby raising concerns about the environmental impact of aviation [1]. Fig-
ure 1.1 reflects this trend and highlights the need for radically new technological developments that
can help decarbonising aviation to meet emission reduction targets.

Figure 1.1: Projection of CO2 emissions from aviation according to various scenarios and technology developments.
Reprinted from [3]
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There are several options for decarbonising technologies. First of all, battery-electric propulsion, but
with current and near future battery energy densities, deemed unviable for the aircraft type considered
in this study, i.e. for (short-)medium range [4]. Secondly, hydrogen propulsion. With the high energy
density of hydrogen, this has potential. Focus will be on hydrogen storage in liquid form to the best
possible specific energy, and propulsion using combustion in turbofan engines as these have higher
specific power compared to fuel cells [5]. Finally, using Sustainable Aviation Fuel (SAF) can reduce
climate impact in its life cycle and can be used in aircraft in similar fashion as conventional kerosene
[6]. These alternative technologies illustrate that a range of decarbonisation pathways exists, but each
comes with distinct challenges that influence feasibility, performance and implementation timelines.

The application of hydrogen as aviation fuel has been looked into inmany previous studies, from retrofits
in existing aircraft to more conceptual studies. However, payload and range are often negatively im-
pacted by the implementation of large and heavy liquid hydrogen tanks, which harms the competitive-
ness of such aircraft compared to present-day technology and delays its implementation. This raises
the question if a dual-fuel aircraft concept flying on both hydrogen and kerosene (or SAF replacement)
proposes a good intermediate solution. The accompanying advantage is that in the energy transition
towards a more hydrogen based economy this may help as an intermediate step, before shifting to
hydrogen completely. Such a dual-fuel approach may offer operational flexibility while reducing the
performance penalties associated with hydrogen-only aircraft, making it a potentially valuable transi-
tional technology. Next to that, the risk and uncertainty around hydrogen infrastructure development
highlights the interest of dual-fuel aircraft [7].

This study aims to better understand how dual-fuel capability affects both the aircraft design and opera-
tional performance and whether it can serve as a credible pathway towards long-term decarbonisation.
To investigate this, a conceptual aircraft design of a turbofan-powered tube and wing aircraft that flies
on both hydrogen and kerosene is modelled. This study focuses on medium-range narrowbody aircraft,
which are used to operate 60% of passenger flights [8]. Next to that, it is estimated that 50% of CO2

emissions from commercial aviation result from flights under 2500 km distance operated using narrow-
body aircraft [5]. This leads to the following main research question:

“What is the impact of implementing a dual-fuel propulsion system using hydrogen and kerosene (or
SAF replacement) on the performance of a narrowbody tube and wing turbofan aircraft?”

The following sub questions are posed to answer the main research question:

1. How is the aircraft design affected by the combination of a hydrogen and kerosene propulsion
system and storage?

2. How does the use of hydrogen and kerosene (or SAF replacement) during the mission affect
aircraft maximum take-off weight, operational empty weight and fuel weight?

3. What is the effect of the implementation of hydrogen and kerosene dual-fuel capability on the
operational performance, including emission effects, of the aircraft?

These research questions assess both the technical and operational implications of a dual-fuel aircraft
concept, ultimately contributing to the broader discussion on how aviation can transition towards a more
sustainable future.

This report is structured as follows: Chapter 2 describes the findings from literature that support the
research objective. Subsequently, Chapter 3 presents the methodology. Chapter 4 present verification
and validation methods of the model, after which the results of the model are presented in Chapter 5.
Finally, conclusions are drawn and recommendations discussed in Chapter 6.



2
Literature Study

The aviation industry faces a significant challenge to reduce its climate impact to meet targets and
goals set by governments and international organisations. Several technological developments ex-
ist that can contribute to the decarbonisation of the aviation industry. This chapter will elaborate on
these technologies and their challenges and opportunities in Section 2.2. Subsequently, Section 2.3
discusses the opportunities and previous research related to dual-fuel aircraft concepts. First of all,
however, Section 2.1 will briefly discuss the need for decarbonisation and the focus on the narrowbody
aircraft segment.

2.1. Climate Impact Aviation
Transporting people and goods across the globe and thereby connecting societies and economies
globally is one of the most important drivers behind the vast use of aircraft nowadays [5]. However,
the impact of this fossil-fuel powered aviation on the climate has become increasingly apparent and a
source of worry for many.

It is estimated that aviation is currently responsible for 2.5% of global anthropogenic CO2 emissions,
and with that contributes for 3.5 to 5% to anthropogenic radiative forcing and thereby to global warming
[1, 2]. This also includes non-CO2 effects of aviation emissions on radiative forcing. Although these
non-CO2 effects form a substantial part of the total climate impact of aviation, this study focusses solely
on CO2 emissions.

In general, passenger aircraft have become substantially more efficient over the past decades, and
are expected to continue to do so in the future. However, these developments to decarbonise the avi-
ation industry are more than compensated by the growth of the aviation market [5]. To make this more
concrete, Rao et al. [1] state that the fuel consumption per revenue passenger-kilometre has been
reduced by more than 50% over the past three decades, whereas revenue passenger-kilometres from
over this time period increased by around 440%. More specific, in the period between 2013 and 2019,
passenger air traffic increased almost four times faster than the improvement in fuel efficiency [8]. It
leaves no question to the fact that the aviation industry needs to act fast and rigorously to reduce its
climate impact. Therefore, government bodies and organisations take the lead by targeting innovation
and emission reduction goals. An example of this is the European Commission’s FlightPath 2050 plan,
a long-term strategy in order to decarbonise aviation [9].

As can be seen in Figure 2.1, decarbonisation of the aviation industry will mostly rely on novel tech-
nologies that drastically reduce emissions [10]. The next section will elaborate on the most relevant
technological developments.
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Figure 2.1: Decarbonisation Roadmap for European Aviation. Adapted from [10]

Commercial passenger aviation can be roughly divided into three segments: regional aircraft operating
short-range, often domestic, routes, narrowbody aircraft operating short-to-medium range, often conti-
nental, routes, and widebody aircraft operating long-range, mainly intercontinental routes. The last two
segments account for the vast majority of emissions from commercial aviation [5]. In 2019, narrowbody
aircraft like the Boeing 737 and Airbus A320 were operated on more than 60% of all passenger flights,
accounting to 43% of the total CO2 emissions from aviation. In addition, one-third of CO2 emissions
occurred on flights between 1500 and 4000 km, with 50% of cumulative CO2 emissions from flights
under 2500 km [8, 5]. Therefore, this study will focus on medium-range narrowbody aircraft, as decar-
bonising this aircraft type would be a big step in reducing the overall climate impact of aviation.

There are several technological pathways that can contribute to the reduction of carbon emissions from
passenger aircraft. In the next section, the most prominent technologies will be outlined.

2.2. Decarbonisation Technologies for Aviation
There are various options being investigated that could reduce the climate impact of aviation. As could
be seen in Figure 2.1, hydrogen and sustainable aviation fuels are expected to be the most prominent
technological factors in the decarbonisation of the aviation industry. Therefore, this section will elabo-
rate on these technologies in Section 2.2.2 and Section 2.2.3, respectively. Before that, Section 2.2.1
will briefly touch upon battery-electric propulsion in aviation, as developments are made in this area as
well.

2.2.1. Battery-electric propulsion
Battery-electric propulsion is a promising technology to reduce climate impact from aviation. It has
several advantages, such that no in-flight emissions are produced. Next to that, it is simple from a
system point of view, as the main components are a battery pack and an electric motor to power a
propeller. Also, well-to-tank efficiency is highest for battery-electric propulsion compared to (liquid)
hydrogen and SAF [4]. Several companies are working on hybrid- or fully-electric aircraft concepts
such as Elysian Aircraft [11], Maeve [12] and Heart Aerospace [13]. However, the specific energy of
a state-of-the-art battery is approximately 50 times lower than kerosene, meaning the weight of the
batteries are a big limiting factor in the achievable range [4, 14]. The Velis Electro is a fully electric
two seater aircraft by Pipistrel, but can fly only for 50 minutes [15]. Therefore, unless big technological
advancements are made which improve the specific energy of batteries, battery-electric propulsion is
not realistic for medium range aircraft like the Boeing 737 or Airbus A320 and will not be considered
further in this study [5].
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2.2.2. Hydrogen propulsion
Hydrogen is widely regarded as a promising energy carrier for the future of aviation as it enables to
fly without in-flight CO2 emissions and can be a truly zero-carbon solution when produced using re-
newable resources [1, 5]. Whereas interest in hydrogen-powered aircraft temporarily increased in the
previous century during the 1970s oil crisis, the climate impact of aviation has renewed this interest
more firmly during this century [5]. Using hydrogen as aircraft fuel poses several advantages, but also
some technological and operational challenges. These will be further elaborated on below.

First of all, hydrogen has the advantage that its specific energy, i.e. the amount of energy per unit mass,
is 2.8 times higher than kerosene, meaning fuel mass can be reduced when using hydrogen. However,
this advantage is opposed by an energy density, i.e. the amount of energy per unit of volume, that is
around 4 times lower for hydrogen in liquid form [5, 16]. This means the volume of the stored liquid
hydrogen is about 4 times the volume of kerosene for the same energy content. Hydrogen can also
be stored in gaseous form. However, the volumetric energy density of this method is even worse [5].
Next to that, storing hydrogen in gaseous form requires heavy compression, resulting in heavy tanks
to retain the pressure. In liquid form, hydrogen is stored at cryogenic temperatures of around -253
degrees Celsius (20 Kelvin) [16]. Although this requires increased thermal insulation, this is more mass
efficient than gaseous storage of hydrogen. The storage efficiency of hydrogen tanks is expressed
using the gravimetric efficiency index ηtank, defined in Equation 2.1 [5]. In this equation,WH2 is weight
of hydrogen stored in the tank and Wtank is the weight of the tank itself.

ηtank =
WH2

WH2
+Wtank

(2.1)

The higher this index, the more fuel can be stored per unit mass of tank weight, and thus the better. The
gravimetric efficiency index of the storage system affects the overall performance of the hydrogen air-
craft drastically. When comparing estimated energy use of a hydrogen aircraft compared to a kerosene
aircraft, Adler and Martins [5] estimate that a tank gravimetric efficiency of 55% is the tipping point be-
yond which hydrogen aircraft become more efficient with increasing range, independent of whether it
concerns a short-, medium- or long-range aircraft. This is reflected in Figure 2.2. Thus, for the aircraft
type considered in this study, a tank gravimetric efficiency above 55% is very desirable.

Figure 2.2: Relative energy usage of hydrogen aircraft compared to kerosene aircraft. Beyond 55% gravimetric efficiency,
hydrogen aircraft become more energy efficient with increasing range, independent of mission range [5].

Current gravimetric efficiencies for non-integral tanks as used in studies range from 0.5 for a small short-
range aircraft to 0.8 for a large long-range blended-wing body, whereas for integral tanks the range is
broader, from 0.25 for a small short-range aircraft to almost 0.8 for a very large long range aircraft [17].
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Prewitz et al. [18] modelled an A320 with an integral tank with a gravimetric efficiency of around 0.75.
Although there are examples of such high tank gravimetric efficiencies, like the liquid hydrogen tank in
the Boeing Phantom Eye unmanned vehicle [19] and the composite liquid hydrogen tank prototype by
GTL [20], the developments and practical implementation of high-gravimetric efficiency tanks is still un-
certain. However, with current insulation technologies, gravimetric efficiencies of 60% seem possible
and 70% or above could be achievable in 5 to 10 years [5, 7]. In this study, liquid hydrogen storage
will be considered, as it is deemed the only feasible solution to reach sufficient gravimetric efficiency
for the use in the aircraft type considered in this study [21, 5, 22].

For liquid hydrogen storage, heat leak into the tank needs to beminimised to reduce boil-off of hydrogen
from liquid to gaseous state and thereby increasing the pressure inside the tank. For this, cryogenic
tanks need to have a low surface-area-to-volume ratio [5]. This makes hydrogen storage in the wings
impossible and necessitates hydrogen tanks to be placed inside the fuselage. In the fuselage, hydro-
gen tanks can be integrated in the aircraft in either integral or non-integral tanks [5, 23]. In the first case,
the tank wall is integrated with the fuselage structure, whereas in the latter case the tank carries only
fuel-related loads, which makes non-integral more straightforward to model. Next to that, non-integral
tanks are more flexible in their placement inside the aircraft. Therefore, in the conceptual design phase,
non-integral tanks are often opted for [5]. However, integral tanks can result in mass savings, espe-
cially for larger aircraft [23]. Integral tanks also have the potential for a better surface area-to-volume
ratio which helps to reduce heat influx and thereby boil-off [5]. In this conceptual study, non-integral
hydrogen tanks will be considered.

Multiple options exist for thermal insulation of the hydrogen tank. Tank insulation can be foam-based,
like spray-on foam, or vacuum-based based, possibly combined with multiple layers of reflective foil in
the vacuum-gap to formmulti-layer insulation. The former option has higher technology readiness level,
but the latter option has the potential to reduce tank weight if storage for hours to days is required as
boil-off is lower and therefore less fuel is needed initially [5]. This goes to show that cryogenic storage
needs a mission specific design approach taking into account the mission and design requirements of
that mission. For safety considerations, dormancy time, i.e. the time a hydrogen tank of an aircraft
can spend under internal pressure build up due to boil off without fuel extraction or venting is also an
important design parameter for passenger air transport on hydrogen [24, 25]. In this study, thermal
sizing will focus on dormancy time, rather than the stepwise build-up of pressure inside the hydrogen
tank during the mission.

Storing hydrogen in tanks inside the fuselage has implications on the aircraft design. The fuselage
length needs to be increased or the passenger accommodation of the aircraft shortened to ensure the
tank fits. Fuselage length increases of up to 30% can be expected, which also poses potential chal-
lenges from a stability point of view for tube and wing aircraft operating on hydrogen [17].

This also means the wings are now empty, or in other words, ‘dry’ wings, and do not experience load
alleviation from kerosene storage and the accompanying structural benefits [5, 26]. Therefore, struc-
tural reinforcement is necessary and wing mass will increase, reducing the overall fuel efficiency of
the aircraft. In the case of a dual-fuel hydrogen and SAF aircraft concept, the wings are partly filled
with fuel, or ‘semi-dry’ wings. Since the fuel volume in the wing is a less determining factor in defining
the wing geometry in the case of semi-dry wings, this opens up the possibility to re-evaluate the wing
geometry of the reference aircraft designed to fly on kerosene. Increasing the wing aspect ratio with
decreasing wing area subsequently reduces the lift induced drag [27]. However, increasing the aspect
ratio also requires structural reinforcement due to increased bending moment. Therefore, a trade-off
needs to be made between a gain aerodynamic efficiency and resulting reduction in fuel consumption,
and the increase in the required energy to overcome the increase in wing weight [28]. This conceptual
study will limit to weight estimation of semi-dry wings, but disregards further analysis of aerostructural
interactions.

Taking into account a decrease in conventional fuel capacity and the addition of hydrogen as a fuel,
there are also possibilities for weight reduction and efficiency increase of hydrogen aircraft compared
to kerosene aircraft. Since hydrogen has a higher energy density than kerosene, less fuel is needed
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to carry the same weight. This can trigger a reverse ‘snowball effect’, as lower fuel weight results in an
overall weight decrease, which allows the wing area and engine size to reduce [16].

These aircraft-level mass savings are surrounded by many uncertainties. It depends mostly on the
gravimetric efficiency of the hydrogen storage, with a tipping point around 55%, as was mentioned
before. Gravimetric efficiencies of 70% could to be achievable in 5 to 10 years, but it is by no means
certain [7]. Next to that, hydrogen propulsion will require novel, complex systems, and it is uncertain
what the effect of the implementation of these systems will be for the weight.

Just like kerosene, hydrogen is an energy carrier that needs to be converted to release its energy con-
tent. This can be done in two ways: through a chemical reaction in a fuel cell generating electricity to
drive a propeller or ducted fan, or through combustion in either a reciprocating engine (e.g. in general
aviation) or turbofan engines as generally used in larger transport aircraft [5].

Fuel cells are a good option to decarbonise regional turboprop aircraft. ZeroAvia [29], Universal Hy-
drogen [30] and the German Aerospace Center [31] performed flights partially or fully powered by
hydrogen fuel cells, demonstrating its technical feasibility. Next to that, fuel cells are considered to
be a viable option as replacement for the kerosene-powered gas turbine auxiliary power unit (APU),
which can contribute substantially to aircraft emissions [32]. Limitations of fuel cell powered aircraft lie
in the achievable specific power and the velocity and altitude it can be operated at without additional
compression. Next to that, other balance of plant components for thermal management and humidifi-
cation add significantly to the weight of a fuel cell system [5]. Current state of the art turbofans have
a higher specific power than fuel cells and are therefore the preferred option for mid-size, Boeing 737
and Airbus A320 type aircraft. In comparison, to power an aircraft of this type, a fuel cell propulsion
system would be approximately three times heavier than a turbofan propulsion system [5]. Next to that,
hydrogen combustion in a turbofan is the most efficient at the cruise speeds of these type of aircraft
[4].

The feasibility of hydrogen combustion in a turbofan was shown by the experimental Tupolev-155 from
the Soviet Union in the previous century, running one of its three engines on liquid hydrogen [33]. Next
to that, Rolls-Royce has performed a successful test of running its Pearl 700 turbofan engine on hy-
drogen [34], and Airbus and CFM have been collaborating on preparations for flight testing a turbofan
running on hydrogen mounted on an Airbus A380 [35]. Hydrogen combustion in gas turbines is promis-
ing, as the fan, compressor, turbine and nacelle work the same way and thus require only minimal
design changes compared to kerosene operation. Only the combustion chamber requires significant
changes when running on hydrogen compared to kerosene [5].

Because hydrogen contains more energy per unit mass than kerosene, if a conventional kerosene com-
bustor were to be used with hydrogen at the same air-to-fuel ratio as kerosene, the flame temperature
would be 100 K higher, resulting in higher NOx emissions. However, hydrogen has a much wider
flammability range than kerosene, which allows it to be operated at a much leaner fuel-to-air mixture
[7]. This in turn lowers the combustion temperature and thereby reduces NOx formation. Lower com-
bustion temperature and thus lower turbine inlet temperature (TIT) improves engine life.

Upon combustion, hydrogen has a higher flame speed and reactivity than kerosene, reducing residence
time. Next to that, as hydrogen is injected into the combustor as gas, the diffusion and mixing with air is
more efficient compared to kerosene, with is injected as liquid. Both these aspects result in less NOx

formation [7]. The former aspect would allow shortening the combustion chamber [7]. However, in the
case of (separate) combustion of both hydrogen and kerosene, this is likely not applicable. For the con-
ceptual work in this study, component level engine modifications are beyond the scope of this research.

The high reactivity of hydrogen with air makes premixing in the combustion chamber difficult and intro-
duces the risk of flashback of hydrogen flames [5]. Non-premixing combustor designs can solve this,
like the non-premixing micro-mix combustor design by Dahl and Suttrop [36], or the non-premix direct
lean injection system as studied by Marek et al. [37].
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The combustion products of hydrogen have a higher specific heat compared to kerosene. This enables
engine-level benefits for turbofan engines running on hydrogen [7]. Jagtap et al. [38] did a conceptual
design optimisation study for a ultra-high bypass ratio geared turbofan capable of running on both hy-
drogen and Jet-A and concluded that the total engine weight of an engine optimised for liquid hydrogen
reduced with 7.4-17.6% compared to a Jet-A engine. At the conceptual design level considered in
this study, specific engine modifications for hydrogen combustion are not considered. Rather, engine
sizing is limited to the scaling of existing engines.

If hydrogen is stored as a cryogenic fuel, it requires appropriate conditioning before entering the com-
bustion chamber. It is estimated that the temperature of hydrogen gas needs to be increased to 150 K
before entering the combustion chamber. Cryogenic hydrogen poses a great heat sink in this regard,
which can be used to cool down engine components with a heat exchanger and improve the overall ef-
ficiency this way [7]. In the hydrogen tank, both liquid hydrogen as well as gaseous ‘boil-off’ is present.
This boil-off occurs naturally due to heat flux into the tank. In flight, this boil-off is almost certainly not
sufficient for required mass flow rate for the engine. A heat element can be used to add additional heat
and create extra boil-off gas [5]. Other fuel system components are fuel pumps, (insulated) lines, valves
and regulators and have been described in detail by Brewer et al. [39] and Ebrahimi et al. [25]. This
study will not present a detailed design of a hydrogen fuel system, but will include a weight estimation
of the hydrogen fuel system similar to Onorato et al. [23].

Over the past years, various studies looked into the application of hydrogen as a fuel in aircraft, varying
from retrofits in existing aircraft to more conceptual studies [16, 21, 40, 41, 26, 7, 42, 43, 44]. In most of
these studies, payload and/or range was often reduced to accommodate hydrogen storage and propul-
sion technology.

For example, Cipolla et al. [21] studied retrofitting a box-wing aircraft concept with liquid hydrogen
with variable tank lay-outs and could achieve at best 65% range for the same passenger capacity or
40-60% passenger capacity for 10-20% range increase (depending on the number of hydrogen tanks)
compared to the reference aircraft. Debney et al. [41] designed a regional, narrowbody and midsize
hydrogen aircraft concept based on existing reference aircraft and compare it with a 2030 baseline
aircraft on SAF. They show that achieving similar range and payload is achievable in the design point,
but that there is virtually no flexibility in terms of extending the range for decreasing payload due to
the heavy hydrogen system. Rietdijk and Selier [42] presented a hydrogen fuel cell retrofit study of a
DeHavilland Dash 8-300 as part of the ‘Aviation in Transition’ (Luchtvaart in Transitie) HAPSS project
[45]. The reference aircraft has a seating capacity of 50 and a range of 1520 km, but the retrofit man-
ages to only reach 700-900 km (depending on the hold time mission requirement and cruise altitude)
with around 30 passengers [46]. Finally, Dutch aircraft company Fokker Next Gen is working on a
multi-fuel capable, i.e. the aircraft will be able to fly on liquid hydrogen, SAF and kerosene, that will
have a passenger capacity of 120-150 and a range of approximately 2500 km [47]. An aircraft with
similar passenger capacity is the Embraer 195-E2, but this aircraft has a range of around 4800 km [48].
These examples show that facilitating hydrogen storage has a big impact on the weight and volume
and thereby on the available space for passengers and the achievable range. With the aviation market
being very competitive with only a few aircraft OEMs, this is a challenge for the competitiveness of
clean aviation solutions and delay their implementation.

Next to the aspect of operational flexibility, operating cost is an important driver in the aviation market,
with fuel costs already accounting for around 30% of total operational costs for airlines [1]. Proes-
mans and Vos [49] estimate that for medium-range aircraft using liquid hydrogen fuel operational costs
increase with 42% compared to a cost-optimal kerosene aircraft, whereas using SAF increases oper-
ational costs with 14%, thereby reducing climate impact with 98% and 82%, respectively. Therefore,
having a dual-fuel capability can provide the capability to find an optimal solution between climate im-
pact reduction and operational costs based on different scenarios.

Finally, the implementation of hydrogen powered aircraft depends not only on the technology readiness
of hydrogen propulsion systems, but also on the availability of hydrogen infrastructure. Tiwari et al. [7]
present three phases of hydrogen introduction in aviation and the development of infrastructure for
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this. These phases can be seen in Figure 2.3. It is likely that adaptations for hydrogen operation are
first made at large international airports. However, narrowbody aircraft are also expected to be able
to operate on smaller airports where this infrastructure development may take longer. This is another
aspect that could harm the competitiveness of hydrogen powered aircraft.

Figure 2.3: Phases of hydrogen introduction in aviation. Reprinted from: [7]

2.2.3. Propulsion on Sustainable Aviation Fuels
Next to the use of hydrogen as aviation fuel, Sustainable Aviation Fuel (SAF) is also seen as a nec-
essary pathway towards decarbonisation of the aviation industry [3]. SAF is a hydrocarbon fuel like
kerosene, but reduces lifecycle carbon emissions compared to fossil derived kerosene. It can be ei-
ther derived from plants or biological waste in which case it is referred to as biofuel, or synthetically
produced from hydrogen and carbon in which case it is referred to as e-SAF [5, 4, 6]. SAF is currently
used in small quantities of around 0.1% of kerosene use [6]. Biofuel SAF can reduce the impact of
aviation since its feedstock is made up captured atmospheric carbon in its life cycle. It is estimated that
biofuel SAF can reduce the impact of flying by 60% in an optimistic scenario [5]. Next to reducing the
life cycle carbon emissions, studies have also shown that using SAF can lower soot, sulphur oxides and
ultra-fine particles emissions, as well as reduce the climate impact from contrail formation [6]. E-SAF
can be a net-zero fuel if renewable electricity is used for electrolysis and carbon capture to generate
hydrogen and CO2, respectively. Producing e-SAF is an energy-intensive process with only 26% of the
initial energy arriving at the aircraft in the form of e-SAF fuel [4]. This likely results in a higher fuel cost
than liquid hydrogen [4]. However, since current aircraft engines are compatible to fly (partly) on SAF,
as well as the existing infrastructure around hydrocarbon-burning aircraft, SAF is a relevant candidate
for reducing the climate impact of aviation in the short- and medium-term [6, 4].

In a conventional aircraft, most fuel is stored in the wings. Next to that, a part of the fuel is stored in
the centre tank in the fuselage and some fuel is stored in the horizontal tail for trim purposes. For SAF,
the storage can be approached the same as for kerosene, but since a dual-fuel aircraft requires less
fuel, storage will be focussed on in the wings. This is a great advantage of SAF/kerosene, as the fuel
in the wings results in bending relief in flight as well as a gravimetric storage efficiency of almost 100%,
since the tank structure is also the lifting surface of the aircraft.

Being a hydrocarbon, combustion of SAF in a conventional turbofan is possible with little to none modi-
fications, given that the composition of SAF is such that it meets the requirements, e.g. on the aromatic
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content in the fuel in order for the engine to function properly, and additives like anti-freeze [6]. In this
study, the scope is limited to SAF as potential replacement of kerosene, but climate impact and cost
are not considered.

2.3. Dual-fuel Aircraft Propulsion
Given the aforementioned uncertainties and challenges around hydrogen-powered aviation technology
and infrastructure development, using both hydrogen and kerosene (or SAF replacement) in aircraft
has potential as interim solution and is a topic of interest in aviation [7]. Smith and Mastorakos [50] per-
formed an energy systems analysis of a large commercial aircraft on liquid hydrogen, constraining fuel
capacity to available internal volume, weight and emissions targets. They also considered dual-fuel use
of liquid hydrogen in combination with conventional Jet-A and showed that this combination can result
in an aircraft that can fly over a greater distance while carrying more passengers than either single-fuel
equivalent while staying within the emission and volume constraints, thus combining superior emission
performance of liquid hydrogen with superior energy density of Jet-A. Other literature presents different
ways of dual-fuel implementation. Various studies looked into the simultaneous use of the fuel types in
the same engine, whereas other work researched the simultaneous use in separate engines.

Rao et al. [51] proposed a hybrid engine concept using hydrogen and kerosene in sequential com-
bustion chambers. A model of this engine concept showed that CO2 emissions could be reduced by
around 80%. A subsequent study by Grewe et al. [52] showed that this engine concept has the po-
tential to reduce climate impact by 20% to 25% compared to (future) conventional engine technology.
Other studies looked into hydrogen-assisted combustion in a single combustion chamber, like Yelugoti
and Wang [53], who experimentally investigated the combustion of premixed jet fuel and hydrogen
gas and conclude that CO2 emission can be reduced this way, but NOx and unburnt hydrocarbon
emissions increased. [54] experimentally tested the simultaneous combustion of diesel and hydrogen
inside a small turbojet engine and also found an increase in NOx and a decrease in CO2 emissions.
Another engine type for which the dual-fuel concept was investigated, was a compression-ignition (CI)
reciprocating engine. This was done by Reitmayr et al. [55], who investigated the adaptation of a
kerosene engine to a dual-fuel combustion process, initially using CFD simulations, after which exper-
iments were performed. They found that in dual-fuel operation, combustion duration was shorter and
exhaust gas temperatures higher than kerosene only operation. Next to that, CO2 emissions were
found to be reduced significantly. In literature, the use of hydrogen alongside kerosene in a turbofan
engine was also found in a fuel-cell assisted turbofan. Seyam et al. [56] investigated a high-bypass
ratio turbofan engine assisted by a solid-oxide or molten carbonate fuel cell in cruise conditions. They
found that the additional weight of the fuel cell reduces the thrust-to-weight ratio, but that emissions are
also reduced. In terms of dual-fuel combustion capabilities, several industry initiatives are underway to
design an engine that is capable of running on 100% hydrogen and SAF, such as the WET engine by
MTU Aero Engines [57] and the CAVENDISH project led by Rolls-Royce [58]. These engine concepts
may eventually find their way to novel dual-fuel capable aircraft for which industry initiatives are shown.
For example, Fokker Next Gen is designing an aircraft that is capable of flying on hydrogen as well as
kerosene or SAF [47]. Similarly, Embraer announced the development of a dual-fuel capable aircraft
concept, thereby maximizing operational flexibility [59]. For both the Fokker Next Gen and Embraer
concept, it appears that dual-fuel use is not intended during the same mission, but this remains unclear.

Next to simultaneous dual-fuel use in the same engine, another option is to use different fuels simulta-
neously in different engines. This was employed by Rischmüller et al. [40], who investigated retrofitting
a regional turboprop aircraft with a hydrogen tank and replacing one of the turboshaft engines by a fuel
cell such that hydrogen and SAF were used in continuous parallel operation. The power allocation be-
tween the turboshaft and fuel cell was done through assigning a power split in the design. It was found
that allocating the power partly to the fuel cell resulted in a substantial reduction of SAF usage. How-
ever, at the cost of a reduction in payload due to increased propulsion system mass and tank volume.
The different fuel types can also be used for different parts of the mission. This was experimentally
tested in 1957 in the B-57 aircraft, which used jet fuel for take-off and climb, but switched one engine
to hydrogen for about 30 minutes during the cruise operation, using a fuel control system compatible
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of handling the two fuels with a fuel ratio regulator, thereby demonstrating the feasibility of in-flight fuel
switching [25].

While emission reduction potential and operational flexibility of dual-fuel propulsion concepts was rec-
ognized in literature, research gaps lie in investigating a ‘from scratch’ design procedure for a dual-fuel
aircraft concept, thereby exploring the sequential, i.e. different fuel during different parts of the mission,
instead of the simultaneous use of hydrogen and kerosene. Next to that, the effect of varying payload
and range on the design of a dual-fuel aircraft was identified as research gap from literature.



3
Methodology

In this study, the conceptual design of a dual-fuel aircraft is presented. This chapter presents the
methodology followed in this design. First of all, the overall design process is presented. The separate
steps and analyses are described in subsequent sections.

3.1. Design Process
To answer the research questions, an aircraft design tool was developed that can be used to generate
dual-fuel aircraft concepts. This tool was developed using ParaPy1, a commercial Python package
enhancing parametric design problems like designing an aircraft. ParaPy has the advantage over
general object-oriented programming approaches is that it is strong in ensuring dependency tracking
of parameters in the design framework, as well as providing a visual representation of the aircraft. This
enables fast generation and adaptation of different aircraft concepts. Next to that, ParaPy allows for
easy integration with simulation tools, such as for aerodynamic analysis.

3.1.1. Design Flow
The first step in the design process is translating the top-level aircraft requirements (TLARs) to the pre-
liminary sizing of the aircraft. These TLARs specify the number of passengers (PAX), additional cargo,
cruise conditions, flight range, and the required reserve range and loiter time for which fuel needs to
taken on board. Taking these TLARs, preliminary sizing of the aircraft entails a Class I weight estimation
to determine an initial estimate of the operational empty weight (OEW) and fuel weight (FW), divided
into hydrogen weight (HW) and kerosene weight (KW), of the aircraft. Next to that, a constraint anal-
ysis is done in order to determine the required wing and thrust loading, (W/S) and (T/W ), respectively.

The outcomes of preliminary sizing is used to generate the aircraft geometry. This entails sizing the
fuselage, wings, empennage and hydrogen tank. With the aircraft geometry, several analyses are per-
formed.

First of all, an aerodynamic analysis is performed to determine the drag polar of the aircraft. Subse-
quently, this drag polar is used to perform a mission analysis, providing a higher-fidelity estimate of
the required fuel weight. With this updated fuel weight and the aircraft geometry, a Class II weight
estimation is performed. In this weight estimation, component weights of the aircraft are estimated
using semi-empirical relations, resulting in an updated OEW. The component weight estimations can
be used to determine the centre of gravity (CG) range of the aircraft, i.e. with and without payload and
fuel. This can then be used to update the geometry of the aircraft concept and repeat the design loop.
This design loop is visually presented in an N2-chart in Figure 3.1 below.

1https://parapy.nl/
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Figure 3.1: N2-chart of the design procedure in this study

The light blue box shows the iterative loop that is followed. The goal of the iterative procedure is to
reach the point at which the design is consistent between iterations. This excludes the Class I weight
estimation as the fuel fraction method to estimate the fuel weight is only performed during the first itera-
tion. Convergence of the iteration loop is checked by evaluating the relative error of MTOW, OEW and
FW between subsequent iterations. A relative error of 0.5%was used. Next to that, when convergence
is reached, five extra iterations are performed to check convergence remains consistent.

The different blocks in above chart will be elaborated in subsequent sections.

3.2. Preliminary Sizing
This section will present the preliminary sizing of the aircraft, consisting of Class I weight estimation
and constraint analysis.

3.2.1. Class I Weight Estimation
The Class I weight estimation is performed to obtain initial estimates of the operational empty weight
(OEW), fuel weight (FW), divided into hydrogen weight (HW) and kerosene weight (KW), and the weight
of payload (PW). As it follows from summing these components (Equation 3.1), Class I also provides
an initial estimate of the maximum take-off weight (MTOW). These initial weights are needed to make
an initial design of the aircraft concept. Their estimation is described below.

MTOW = OEW + FW + PW (3.1)

Fuel Weight Estimation
To make an initial estimation of the fuel weight required during the mission, fuel weight fractions per
flight phase (ffphase) are used. These state what fraction of the aircraft weight is left at the end of a
mission phase. In other words, how much fuel is consumed in that mission phase, see Equation 3.5.
For short mission phases, empirical values are used, which can be seen below in Table 3.1. For the
cruise, loiter and reserve phases, the fuel fraction is determined by rewriting the Breguet equation for
range and endurance. For the cruise and reserve phase, Equation 3.2 is used, whereas the loiter
phase relies on Equation 3.3. In these equations, V is the velocity the aircraft is flying at, TSFC is the
thrust specific fuel consumption, L

D is the lift-to-drag ratio. Since burned fuel is assumed to be the only
weight lost during the flight, the fuel fraction can be calculated by rewriting these equations for the fuel
fraction. L/D during cruise is assumed to be 16, whereas for reserve and loiter this value is assumed
to be reduced by 25% to 12 due to less optimal flying conditions.
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The cruise range is computed by subtracting the distance covered during climb from the harmonic range
as previously presented. This climb distance is determined with Equation 3.4, in which hcruise is the
cruise altitude, RoC the rate of climb and vclimb,avg the average climb velocity. The rate of climb is taken
to be 762 meter per minute from the database of Janes2, as this is the value for the Airbus A320neo.
The average climb velocity is taken to be 500 km/h, based on Roskam [60]. The thrust specific fuel
consumption is approximated based on the CFM LEAP-1A reference engine to be 13.65 mg/Ns, a
15% improvement compared to its predecessor, the CFM56, of which TSFC = 16.06 mg/Ns, also
based on Janes. For the use of hydrogen, it is assumed that TSFC can be scaled with the ratio of
the lower-heating-value (LHV) of hydrogen versus kerosene, which are 120 MJ/kg and 43 MJ/kg,
respectively [5]. Meaning, TSFCH2

= (LHVkerosene/LHVH2
) · TSFCkerosene, as the higher energy

content of hydrogen results in a lower required mass flow for the same thrust than kerosene. This way,
the fuel fractions for the cruise, reserve and loiter phase can be determined by using either TSFCH2

or TSFCkerosene. Like the L/D ratio, TSFC is assumed to be 25% higher (reduced efficiency) for the
reserve and loiter phases.

Table 3.1: Empirical fuel fractions, from Roskam [60]

Mission phase Fuel fraction
Start-up at the gate 0.990
Taxi to the runway 0.990

Take-off 0.995
Climb to cruise altitude 0.980

Descent 0.990
Landing, taxi to gate, shutdown 0.992

R =
V

TSFC

L

D
ln ff (3.2) E =

1

TSFC

L

D
ln ff (3.3)

Rclimb =
hcruise

RoC
vclimb,avg (3.4) ffphase =

(
Wend

Wstart

)
phase

(3.5)

Next to the fuel fractions following from Breguet, the empirical fuel fractions from Table 3.1 have to be
corrected for the use of hydrogen as well. This is done by scaling with the ratio of LHV as well, which
is best explained by an example: say the fuel fraction of a mission phase is 0.990, it means a fraction
1− 0.990 = 0.01 of the aircraft weight is lost by burning fuel. Since hydrogen contains more energy per
unit mass, this means 0.01 · 43

120 = 0.0036 of fuel weight is lost when using hydrogen. This results in a
fuel fraction of 1− 0.0036 = 0.996 for that mission phase when using hydrogen. Together, the empirical
and Breguet fuel fractions for cruise, reserve and loiter, both for hydrogen and kerosene, can be used
to determine the Class I estimation of fuel weight.

Fuel split
To incorporate the dual-fuel capability of the aircraft concept in the fuel weight estimation, a fuel split
ϕ is applied per mission phase, with ϕ being a fraction between 0 and 1. ϕ = 0 means the phase is
fully flown on kerosene whereas ϕ = 1 dictates 100% operation on hydrogen during that phase of the
mission. The fuel fractions of hydrogen and kerosene that account for the fuel split are calculated using
Equation 3.6 and Equation 3.7. In these equations ffH2 and ffkerosene are the fuel fractions for full
flight of that phase on hydrogen or kerosene as determined before. This way, if ϕ = 1 for a phase,
meaning that phase is fully flown on hydrogen, ffkerosene,split = 1, such that no kerosene weight is
computed for that phase in the fuel weight computation below. Similarly, ϕ = 0 results in ffH2,split = 1.
For ϕ between 0 and 1, the correct fuel split corrected fuel fractions will be found with these equations.

ffH2,split = 1− (ϕ · (1− ffH2)) (3.6)

ffkerosene,split = 1− ((1− ϕ) · (1− ffkerosene)) (3.7)
2https://customer.janes.com/

https://customer.janes.com/
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For single fuel aircraft, the fuel weight can be calculated with Equation 3.8, in which Πff,total is the
product of fuel fractions of the mission.

FW = (1−Πff,total) ·MTOW (3.8)

For a dual-fuel aircraft concept, this relation still holds to compute the total fuel weight by taking
Πff,total = Πff,H2

· Πff,kerosene, in which Πff,H2
and Πff,kerosene are the products of fuel split cor-

rected fuel fractions of hydrogen and kerosene, respectively. However, to determine the separate
contributions of hydrogen weight (HW) and kerosene weight (KW) it does not hold to apply the product
of fuel fraction in the same way. Expressed mathematically:

FW = (1−Πff,total) ·MTOW ̸= (1−Πff,H2
) ·MTOW + (1−Πff,kerosene) ·MTOW

Therefore, the total hydrogen and kerosene weight is determined per phase, using Equation 3.9 and
Equation 3.10, respectively. In these equations, ffphase,H2 and ffphase,kerosene are the respective fuel
split corrected fuel fractions for hydrogen and kerosene per phase that where determined previously.
Wphase,init is the weight at the start of that phase, computed by subtracting HWphase and KWphase

from Wphase,init from the previous phase, which will be MTOW for the first phase. The total hydrogen
and kerosene weight is obtained by summing the contributions per phase.

HWphase = (1− ffphase,H2) ·Wphase,init (3.9)

KWphase = (1− ffphase,kerosene) ·Wphase,init (3.10)

3.2.2. Payload Weight Estimation
The payload taken on board the aircraft is computed from the relevant TLARs as presented before
with Equation 3.11, in which the number of passengers (PAX) is multiplied by the sum of average
passenger weight and baggage per passenger, taken to be 80 kg and 15 kg, respectively [60]. Wcargo

is additional cargo weight, taken as 750 kg. For 150 passengers, this results in a payload weight of
15000 kg.

PW = PAX · (Wpassenger +Wbaggage) +Wcargo (3.11)

3.2.3. Operational Empty Weight Estimation
The operational empty weight of the aircraft is the combination of the empty weight (EW) of the air-
craft and the crew weight. The latter of which is computed by treating crew members, in this case
5 (2 pilots and 3 flight attendants) as passengers with baggage. EW is estimated using an empirical
relation between MTOW and EW from Roskam [60]. As the dual-fuel aircraft concept has the addition
of a hydrogen fuel system and tank on board, weight estimates of these components are added to the
empty weight. The weight of the hydrogen tank is computed by rewriting the relation for tank gravimet-
ric efficiency (Equation 2.1) for tank weight, and using the obtained hydrogen fuel weight as described
above. The tank gravimetric efficiency of the hydrogen tank is taken to be 0.4, a conservative value
compared to the average gravimetric efficiency of studies on foam insulated tanks by Huete et al. [61],
as compiled by Jagtap et al. [17].

The weight of the hydrogen fuel system is estimated using the method from Onorato et al. [23], in
which the semi-empirical relation for fuel system weight from Torenbeek [62], Equation 3.12 below, is
corrected for the use of hydrogen by dividing with a factor kfs. In this equation, Neng is the number of
engines, Nft is the number of fuel tanks and Vft is the fuel volume in litres. The correction factor is
obtained by applying Equation 3.12 to the fuel system for a tube and wing aircraft powered by liquid
hydrogen turbofans as described by Brewer [63] and comparing to the value reported by him. This
results in kfs = 0.5, in other words the hydrogen fuel system as found by Brewer is twice as heavy than
a kerosene fuel system to what is found when applying the Torenbeek relation for fuel system.

Wfs =
1

kfs
· 36.3 · (Neng +Nft − 1) + 4.366 ·N0.5

ft · V 0.333
ft (3.12)
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The relation between EW and MTOW (in pounds) from Roskam [60] can be seen in Equation 3.13.
Converting EW back from pounds to kilograms and adding the crew weight gives OEW.

EW = 10(log10 MTOW−0.0833)/1.0383 (3.13)

An initial guess for MTOW is used to compute the fuel weight and OEW. Adding the payload gives an
updated value for MTOW. An iterative procedure is used to convergence to consistent values of OEW,
FW and MTOW.

3.2.4. Constraint Analysis
With the Class I weight estimation, the constraint analysis can be performed. This analysis is done to
determine the required wing and thrust loading, W/S and T/W respectively, for the aircraft concept.
The constraints that the aircraft needs to comply to are Certification Specification 25 requirements from
the European Union Aviation Safety Agency (EASA) [64] and from these the following constraints are
taken into account:

• Take-off field length
• Landing field length
• Climb gradient in multiple scenarios
• Cruise velocity
• Maximum wing span

3.2.5. Take-off field length
Instead of specifying a certain runway length the aircraft needs to be able to take off from, the required
T/W at take-off is determined by using the Take-Off Parameter (TOP) method as presented by Roskam
[60]. This parameter is computed by Equation 3.14 and evaluated for existing reference aircraft with
similar payload and range specifications (A320-200, A321-200, B737-300, B737-400). Data is taken
from Jenkinson et al. [65] for The average of these TOP-values is then used in Equation 3.14 together
with the design wing loading to determine T/W at take-off. The take-off lift coefficientCLTO

is computed
by dividing the maximum take-off lift by 1.21 [60]. The average TOP that will be used is 9421 N/m2,
corresponding to a take-off field length of approximately 2250meter according to the relation in Roskam
[60].

TOP =
1

CLTO

W

S

W

T
(3.14)

3.2.6. Landing field length
The requirement on the landing field length is used to determine the approach velocity of the aircraft
using Equation 3.15. A landing field length of 1440 meter, equal to the A320-200, is assumed. From the
approach velocity VA, the stall speed can be estimated at CS25 regulations stipulate that the approach
speed is 23% higher than the stall speed. The wing loading to meet the stall speed requirement can
be calculated based on the assumed maximum lift coefficient in landing configuration of 2.8 [60].

sLF = 0.3 · V 2
A (3.15)

3.2.7. Climb Gradients
Several climb gradient requirements are adhered to in sizing the thrust loading of the aircraft. These
are presented below:

• CS25.111c: OEI Take-off at 1.2% climb gradient, take-off flaps, gear up, V = 1.2 · Vstall, take-off
thrust

• CS25.121a: OEI Lift-off at 0% climb gradient, take-off flaps, gear down, V = 1.1 · Vstall, V =
1.2 · Vstall, take-ff thrust

• CS25.121b: OEI Take-off at 2.4% climb gradient, take-off flaps, gear up, V = 1.2 · Vstall, take-off
thrust
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• CS25.121c: OEI Take-off at 1.2% climb gradient, take-off flaps up (clean), gear up, V = 1.25·Vstall,
maximum continuous thrust

• CS25.119: AEO landing at 3.2% climb gradient, landing flaps down, gear down, V = 1.3 · Vstall,
take-off thrust

• CS25.121d: OEI balked landing at 2.1% climb gradient, approach flaps down, gear down, V =
1.5 · Vstall,approach, take-off thrust

The required thrust loading for each condition is calculated with Equation 3.16, in which CGR is the
climb gradient factor. This equation requires an approximate lift-to-drag ratio. This is calculated using
Equation 3.17 and Equation 3.18, following the drag estimation method described in Roskam [60] to ap-
ply drag contributions of flaps and landing gear. The lift coefficient is found by correcting the maximum
lift coefficient (obtained from Roskam [60]) for the velocity requirement at every climb condition.

T

W
=

1

L/D
+ CGR (3.16)

CD = CD0 +
C2

L

πAe
(3.17)

CD0
=

f

S
(3.18)

3.2.8. Cruise Velocity
The required thrust and wing loading at cruise conditions is estimated with Equation 3.19, which relates
these two parameters. The zero lift drag coefficient from the climb gradient analysis is used again, but
∆CD0

= 0.00035 is added to account for compressibility effects at cruise conditions [60]. Also, the
thrust and wing loading are corrected for the aircraft weight at start of cruise, for which the fuel fractions
from Section 3.2.1 are used. The thrust at cruise altitude needs to be converted to the thrust at take-off
assuming that cruise thrust is 23% of take-off thrust [60].

T

W
= CD0q

S

W
+

W

S

1

πqAe
(3.19)

In the above equation, the aspect ratioA of the A320-200 is used. The Oswald factor in clean conditions
is assumed to be 0.8.

3.2.9. Maximum Wing Span
The maximum wing span condition limits the feasible design space of the wing loading on the low side.
This limit is determined by calculating the maximum wing area using Equation 3.20 at the maximum
wing span and aspect ratio of a reference aircraft. The maximum wing span is based on the span limit
of the ICAO aircraft category of the reference aircraft of this study, the Airbus A320. This span limit is
36 meters3.

Smax =
b2max

A
(3.20)

Combining all wing and thrust loading constraints, the design point is found at the maximum possible
wing loading and minimum required thrust loading. Figure 3.2 shows an example constraint diagram
of a dual-fuel aircraft, for which the mission is flown on hydrogen except the reserve, loiter and landing
phases.

3https://skybrary.aero/articles/icao-aerodrome-reference-code

https://skybrary.aero/articles/icao-aerodrome-reference-code
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Figure 3.2: Example constraint diagram of a dual-fuel aircraft

3.3. Aircraft Geometric Sizing
When the preliminary sizing is done, the geometric sizing of the aircraft can be initiated. This section de-
scribes sizing of the fuselage, main wing, empennage, hydrogen tank and engine sizing in subsequent
sections.

3.3.1. Fuselage Sizing
The fuselage sizing comprises the determination of the fuselage length and width. The fuselage length
is divided into three sections for: the nose cone, the centre section and the tailcone. The nose cone
(lnc) is assumed to have a constant length of 4 meters, based on an estimated flight deck length of 3.3
meters for three cockpit seats [66], including some margins.. The centre section length of the fuselage
contains the passenger accommodation as well as the hydrogen tank behind passenger compartment.
The fuselage width is sized based on the space needed by passenger accommodation. Therefore, the
hydrogen tank is sized based on this width, which will be elaborated upon in Section 3.4. In this study,
a circular fuselage shape is assumed.

This passenger accommodation is sized based on the amount of passengers, galleys, lavatories and
aisles. As this study focusses on a narrowbody short-to-medium range aircraft, a 3-3 seat arrangement
with one aisle is used. In terms of seating arrangement, a single-class economy seating configuration
is assumed. For 150 passengers, 2 type I exits (regular doors) and 2 type III exits (over the wing emer-
gency exits) are required [67]. Next to that, 2 lavatories and 2 galleys are included length-wise (forward
and aft). Compiling the components, the length of the passenger accommodation (lpax) is determined
by multiplying the number of seat rows by the seat pitch and adding twice the width, length-wise with
respect to the fuselage, of a lavatory, galley, type I and type III exit. Table 3.2 shows the dimensions
the components that determine the length of the passenger accommodation. The number of seat rows
determined from the number of seats abreast and required passengers. For 150 passengers and 6
seats abreast that results in 25 rows.

The cabin width of the fuselage is determined using Equation 3.21, in which nSA and naisle are the
respective number of seats breast and the number of aisle. ws and waisle are the respective seat
and aisle widths, and sclearance is the clearance between the armrest of the outer seat and the cabin
wall. The outer fuselage diameter, so including the structural depth of the fuselage, is subsequently
determined with Equation 3.22. Both equations are based on Vos et al. [68]. Table 3.2 shows the
dimensions of the fuselage components used to size the cabin.
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wcabin = nSA · ws + (nSA + naisle + 1) · warmrest + naisle · waisle + 2 · sclearance (3.21)

wf = 1.045 · wcabin + 0.084 (3.22)

The length of the hydrogen tank section (lH2tank) of the centre section of the fuselage is based on
the required length of the tank. This is based on the available diameter and required hydrogen fuel to
be stored in the tank. This will be further elaborated upon in Section 3.4. In between the hydrogen
passenger accommodation and the start of the tank, an arbitrary margin of 5% of the hydrogen tank
length is included. The tank section is not comprised of the whole tank length. Rather, it is assumed that
the aft cap of the hydrogen tank runs into the tail cone of the fuselage, like done by Onorato et al. [23].
This was decided such that the fuselage length is not increased more than necessary, but still keep
the remaining space in the tail cone to accommodate the auxiliary power unit (APU) and empennage
structure like in a kerosene-powered aircraft. Also, other systems necessary for hydrogen-powered
flight might be positioned there, but looking into this was beyond the scope of this study.
Finally, the length of the fuselage tail cone (ltc) is determined from the fuselage width through Equa-
tion 3.23, in which ktc is a factor relating the length of the fuselage tailcone to the fuselage diameter.
ktc is taken to be 2.6, the lower bound of existing jet transport ratios as presented by Roskam [69].
Figure 3.3 shows the entire fuselage with lengthwise section division.

ltc = df · ktc (3.23)

Table 3.2: Fuselage component dimensions

Fuselage component Value Based on
Seat pitch [m] 0.81 De Jonge [66]
Seat width [m] 0.48 De Jonge [66]

Armrest width [m] 0.057 Roskam [67]
Seat clearance [m] 0.05 De Jonge [66]
Aisle width [m] 0.48 A320 aisle width, from Roskam [67]

Type I exit width [m] 0.61 Minimum exit width required by CS-25, from De Jonge [66]
Type III exit width [m] 0.51 Minimum exit width required by CS-25, from De Jonge [66]
Galley width [m] 0.76 De Jonge [66]
Lavatory width [m] 0.76 De Jonge [66]

Figure 3.3: Fuselage length sections

3.3.2. Main Wing Sizing
The main wing of the aircraft concept is assumed to be a simple trapezoidal wing without winglets. The
determination of the main parameters is presented below.

The quarter-chord sweep angle is determined with Equation 3.24 [70], in which M† is a Mach number
including a technology factor for supercritical airfoils and is taken to be 0.935, and MDD is the drag
divergence Mach number, which is determined with Equation 3.25. This results in Λc/4 ≈ 30◦.

cos(Λc/4) = 0.75
M†

MDD
(3.24) MDD = Mcruise + 0.03 (3.25)

Subsequently, the taper ratio λ is determined with Equation 3.26 [70].
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λ = 0.2 · (2− Λc/4) (3.26)

The wing area is a result from the wing loading and MTOW that was determined in the constraint
analysis described in Section 3.2.4. The wing span b is set at 36 meters to stay within the ICAO
category C limit of the reference aircraft, as was also mentioned in the constraint analysis. From the
wing area, the aspect ratio of the wing can be determined using Equation 3.27. The root and tip chord
of the wing are determined with Equation 3.28 and Equation 3.29, respectively [70]. Finally, a constant
dihedral angle Γ of 5 degrees was chosen [71].

A =
b2

S
(3.27)

cr =
2S

(1 + λ)b
(3.28)

ct = λ cr (3.29)

From the wing geometry, the length c̄ and spanwise position Ȳ of the mean aerodynamic chord (MAC)
can be determined with respectively Equations 3.30 and 3.31 [71].

c̄ =
2

3

cr(1 + λ+ λ2)

(1 + λ)
(3.30)

Ȳ =
b

6

(1 + 2λ)

(1 + λ)
(3.31)

The wing is initially positioned halfway along the fuselage. However, this value is updated in the design
loop after subsequent Class II component weight estimation and determination of the aircraft centre of
gravity, which are described later on.

Airfoils
For the aircraft concept, different root and tip airfoils were chosen. It was found by Obert [72] that the
A320-200 has a thickness-to-chord t/c ratio of 0.15 at the root, and 0.11 at the top. Therefore, the root
airfoil was chosen to be the NACA63-415 airfoil, which has a 15% t/c at the root. For the tip airfoil, the
supercritical Whitcomb airfoil was chosen, with a t/c of 11%.
Regarding the overall wing design, it has to be noted that wing incidence, as well as wing twist from
root to tip were not investigated in this study.

3.3.3. Empennage Sizing
The empennage comprises of the horizontal and vertical tailplanes. Their sizing is done based on wing
and fuselage dimensions on one hand, but also assumed values on the other hand. The sizing process
will be outlined below.

The area of the horizontal and vertical tail is calculated with Equation 3.32 and Equation 3.33, respec-
tively [71]. In these equations, Vh and Vv are the respective tail volume coefficients for the horizontal
and vertical tailplane. This is a non-dimensional property of a tailplane surface. They are assumed to
be 1.00 for the horizontal tailplane and 0.09 for the vertical tailplane, based on estimates by Raymer
[71]. Furthermore, c̄ is the mean aerodynamic chord of the wing, determined with Equation 3.30, and lh
and lv are the respective tail arms for the horizontal and vertical tailplanes. The tail arm is the distance
between the aerodynamic centre (assumed at c̄/4) of the wing and horizontal/vertical tailplane. For
initial sizing, it is assumed to be 40% of the fuselage length for both the horizontal and vertical tailplane,
but the tail arms are updated in the design loop when the wing position, and with that the aerodynamic
centre, is updated.

Sh =
Vh c̄ S

lh
(3.32)

Sv =
Vv c̄ S

lv
(3.33)

To determine the other planform parameters of the horizontal and vertical tailplane, the following as-
sumptions are made, based on Raymer [71]:
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• AHT = 4

• AV T = 2

• λHT = 0.4

• λV T = 0.3

Using this, the span of the horizontal and vertical tailplanes are computed with Equation 3.34, whereas
the root and tip chord are obtained with Equation 3.28 and Equation 3.29, respectively. Finally, the
quarter-chord sweep angles of the horizontal and vertical tailplanes are both set as 35◦, as they are
usually 5◦ higher than the quarter-chord sweep angle of the main wing [71]. This is done such that the
empennage surfaces are affected by drag rise in the high transonic regime later than the main wing,
and thereby ensuring controllability.

b =
√
A · S (3.34)

Empennage airfoils
Similar to Tran [73], the following root and tip airfoils are chosen for the empennage:

• Horizontal tailplane root airfoil: NACA 0012
• Horizontal tailplane root airfoil: NACA 0009
• Vertical tailplane root airfoil: NACA 0012
• Vertical tailplane root airfoil: NACA 0010

Empennage positioning
The empennage is positioned such that there is an offset of quarter-chord of the root chord of the
vertical tailplane between the trailing edge of the root chord of the vertical tailplane and the end of the
fuselage.

3.4. Hydrogen Tank Sizing
An important part of the dual-fuel aircraft conceptual design is the hydrogen tank, as it largely affects
the length increase of the fuselage and the weight of the aircraft. In Class I weight estimation (Sec-
tion 3.2.1, the tank mass was taken into account through an assumed value for gravimetric efficiency.
However, more detail is required to be included in the design sequence of the aircraft concept in order
to catch the impact of this tank. This will be presented in this section.

The tank sizing will be done with an outside-in approach, meaning that the fuselage diameter as de-
termined in Section 3.3.1 will be used to fit the hydrogen tank in. This means that the length of the
tank will be the main parameter to alter to make sure the required amount of hydrogen fuel fits. The
tank in this study is modelled as a cylindrical tank with hemispherical caps and will be non-integral tank,
such that mounting points need to be accommodated for as well. Next to that, the tank wall will be
modelled as an inner structural shell from Al2219-T851 aluminium with a polystyrene foam insulation
layer around the shell. Therefore, the sizing process of this tank is separated into structural sizing of
the tank wall and thermal sizing of the insulation layer around the tank. This approach is similar to the
work by Di Summa [74], following the methods by Onorato et al. [23] for the structural sizing and the
work by Tarbah [75] for the thermal sizing. A schematic of the longitudinal section of the tank model
can be seen in Figure 3.4 below.
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Figure 3.4: Schematic of the longitudinal section of the hydrogen tank

3.4.1. Structural sizing
The structural shell will be sized to resist the pressure loads on the shell. The material properties used
in this subsection are taken from Brewer [63] and also used by Onorato et al. [23]. The thickness of
the centre section of the shell will be determined with Barlow’s formula, Equation 3.35. In this equation,
Pvent is the vent pressure, the maximum allowable pressure inside the tank due to boil-off of hydrogen
after which boil-off gas needs to be vented out. Similar to Di Summa [74], a vent pressure of 4.0 bar is
chosen, which is higher than the 2.5 bar as used by Onorato et al. [23], such that a more conservative
estimate of the shell thickness is made. Pout is the pressure outside the tank, for which the ambient
pressure at cruise altitude is used, following from the assumption that the tank will be placed outside
the pressurized area of the cabin. ew is the weld efficiency, taken to be 0.8 [63]. rshell is the internal
radius of the structural shell. As the total tank radius is a combination of the shell radius and insulation
thickness, but the latter depends on the former, a few iterations are required to ensure the tank to fit in
the fuselage. An initial guess for rshell is taken to be half of an initial guess of the internal diameter of
the tank. This latter initial guess is taken as 90% of the cabin diameter as determined in Section 3.3.1.
σ is the design stress of the shell material. To account for fatigue limits from repeated use of the tank,
the Goodman relation is applied twice. First, it is applied to obtain the fatigue limit for reverse loading
σa,−1 in Equation 3.36, in which σa,R1

= 172 MPa and σb = 234 MPa are the design and ultimate
stress of the material, respectively, and R1 = 0.43 [−] is the ratio of minimum to maximum stress oc-
curring at cryogenic temperature after 40,000 loading cycles. To obtain the design stress of the shell
the Goodman relation is applied again in Equation 3.4.1 using the fatigue limit σa,−1 and a stress ratio
R2 that is determined from the minimum (at sea level) and maximum (at cruise altitude) relative to the
vent pressure.

For the hemispherical caps the thickness, tcap, is half of the centre section thickness as the circumfer-
ential stresses are halved [23].

The length of the centre section of the tank is determined from the required hydrogen volume in the
tank, which is determined by dividing the hydrogen mass, initially from Class I, but afterwards from
the mission analysis, by the density of liquid hydrogen (70.85 m3 from Brewer [63]). To this volume,
allowances are added: 2% for ullage, i.e. the non-fillable part of the tank, 0.9% for tank contraction-
expansion and 0.6% for internal equipment [63]. The length of the centre section ltank,cs is determined
with Equation 3.38, in which Vtank,allowance is the hydrogen volume including the volume allowances
mentioned above. Vcaps is the volume that fits inside the two hemispherical caps, determined from the
volume of a sphere (Equation 3.4.1). In these equations, rshell is again the radius of the internal shell.
In case the required hydrogen volume including allowance is lower than what fits in the hemispherical
caps, the tank will be spherical (ltank,cs = 0).
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tshellcs =
(Pvent − Pout) · rshell

σ · ew
(3.35)

σa,−1 =
σa,R1

1− σa,R1
·0.5·(1+R1)

σb

(3.36) σ =
σa,−1

1 +
σa,−1·0.5·(1+R2)

σb

(3.37)

ltank,cs =
Vtank,allowance − Vcaps

π r2shell
(3.38) Vcaps =

4

3
π r3shell (3.39)

3.4.2. Thermal sizing
The thermal sizing of the polystyrene foam insulation layer will be done based on a boil-off rate require-
ment. This boil-off rate is based on the work of Huete & Pilidis [24] and corresponds to a dormancy
time of 12 hours (overnight parking). The dormancy time is the time it takes for the pressure in the
tank to reach the vent pressure when not in use. In other words, it is required that a filled tank can be
left overnight without the need to vent hydrogen gas, which could be potentially dangerous. Based on
the boil-off rate, the allowable heat influx into the tank can be determined, which has to be resisted by
the insulation layer. This thermal resistance is modelled as multiple layers, each with its own thermal
resistant. These layers are schematically shown in Figure 3.5. The ambient temperature Tamb and the
hydrogen temperature TH2

are known: 288.15 K and 20 K, respectively.

Figure 3.5: Thermal resistance layers, adapted from [75].

The boil-off mass flow rate in kg/s can be determined with Equation 3.40. In this equation kboiloff
is a scaling factor that is used to match the ratio of boil-off to tank volume as used by Tarbah [75].
Additionally, the scaling factor is tuned such that the gravimetric efficiency of the tank model aligns
sufficiently with what is found by Huete & Pilidis [24] for a dormancy time of 12 hours, which will be
further elaborated on in Section 4.2.1. Considering this, kboiloff = 1.12 · 10−4 is used. Furthermore,
Vtank is the required tank volume. With the boil-off mass flow rate, the heat flux limit in the tank can be
determined with Equation 3.41, in which ∆He is the heat of evaporation of liquid hydrogen at storage
conditions and equals 4.47 · 105 J/kg.

ṁboiloff = kboiloff · VH2 (3.40) Q̇ = ṁboiloff ·∆He (3.41)

With the heat flow determined, the sizing of the insulation layer can be done by determining the heat
resistance of the layers shown in Figure 3.5. The first layer is the air around the tank, through which
heat is both radiated and conducted. The radiation heat is computed with Equation 3.42, in which
σbolt is the Stefan-Boltzmann constant and equals 5.67 · 10−8 W/(m2 ·K4), e0 is the emissivity of the
insulation layer and equals 0.9 [74], and Tsurf and Tamb are the temperatures of the outer surface and
ambient air at sea-level.

hrad = σbolt e0
(
T 2
surf + T 2

amb

)
(Tsurf + Tamb) (3.42)
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The heat transfer through the air layer from convection is calculated with Equation 3.43, in which ka
is the thermal conductivity or air at ambient temperature (0.0255 W/m/K), Dtank is the tank diameter,
and Nu is the Nusselt number of the tank. This latter parameter is calculated as a weighted average
of the Nusselt number of a sphere (Equation 3.45) and a cylinder (Equation 3.4.2), as can be seen in
Equation 3.4.2.

hconv =
ka ·Nu

Dtank
(3.43) Nu =

Lcyl ·Nucyl +Dtank ·Nusph

Lcyl +Dtank
(3.44)

Nusphere = 2 +
0.589Ra1/4(

1 +
(
0.469
Pr

)9/16)4/9
(3.45) Nucylinder =

0.6 +
0.387Ra1/6(

1 +
(
0.559
Pr

)9/16)8/26


2

(3.46)

The Rayleigh number (Ra) and the Prandtl number (Pr) that are used in these equations are calcu-
lated with Equation 3.47 and Equation 3.4.2, respectively. In these equation, g is the gravitational
acceleration, β is the volumetric thermal expansion coefficient (Equation 3.49), αa is the diffusivity of
air (Equation 3.50), and νa is the kinematic viscosity of ambient air (Equation 3.51).

Ra =
g · β · (Tamb − Tsurf )D

3
tank

νa · αa
(3.47) Pr =

νa
αa

(3.48)

β =
1

Tamb
(3.49)

αa = −3.119 · 10−6 + 3.541 · 10−8 Tamb + 1.679 · 10−10 T 2
amb (3.50)

νa = −2.079 · 10−6 + 2.777 · 10−8 Tamb + 1.077 · 10−10 T 2
amb (3.51)

With the determined heat transfer coefficients for conduction and radiation, the thermal resistance of
the air layer around the tank can be computed with Equation 3.52, with which the heat transfer for that
thermal resistance R can be determined with Equation 3.4.2, in which∆T is the temperature difference
across the layer. As the thermal resistance depends on the temperature difference and vice-versa, an
iteration loop is required to determine Tsurf such that the heat flux to satisfy the boil-off rate.

Rair =
1

2πrtankLcyl + 4πr2tank
· 1

hrad + hconv
(3.52)

Q̇ =
∆T

R
(3.53)

With the surface temperature of the tank determined, the heat transfer through the polystyrene insula-
tion layer and aluminium shell can be calculated. This heat transfer happens only through conduction.
More specifically, the total conduction of a layer is a combination of conduction of the cylindrical and
spherical part of the tank in parallel, and can therefore be computed, similar to electrical resistance,
with Equation 3.54. For this, the resistance for the spherical and cylindrical parts of the tank can be
computed with Equation 3.55 and Equation 3.56, respectively. In these equations, k is the thermal con-
ductivity of layer material. This is 0.022 W/m/K for the polystyrene insulation layer and 120 W/m/K
for the Al2219-T851 shell. Next to that, r0 is the outer radius of the layer, t is the thickness of the layer
and Lcyl is the length of the cylindrical centre section of the tank.

Rcond =
(
R−1

cond,sphere +R−1
cond,cylinder

)−1

(3.54)

Rcond,sphere =
1

4πk

(
1

r0 − t
− 1

r0

)
(3.55) Rcond,cyl =

ln r0
r0−t

2πLcylk
(3.56)

Ahead of sizing the insulation layer, the shell thickness is known from structural sizing (Section 3.4.1),
and the allowed heat rate (Equation 3.41) is known based on the mass flow rate to satisfy the dormancy
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time requirement (Equation 3.40). The temperatures across the insulation and shell layers must be con-
sistent to satisfy the surface temperature of the tank and the hydrogen temperature in the tank, which
depend on the insulation thickness, requiring an iterative procedure for correct determination.

As mentioned before, the overall tank sizing procedure is an iterative process as well, as consistent
shell and insulation thickness, which depend on the tank diameter, need to be found such that the
overall tank still fits within the cabin diameter taking into account a 2% margin.

3.4.3. Tank mass
When the insulation and shell thickness are determined, the tank mass can be determined with the
volume that each layer occupies with its thickness and the density of the material. The density of the
polystyrene insulation is 32 kg/m3 and the density of the aluminium shell is 2840 kg/m3. To this, mass
allowances are added: 4.3% for hydrogen needed to pressurise tank and 0.3% to account for trapped
fuel [23]. Next to that, the support structure of the tank is accounted for with a mass allowance of 1.8%
[23]. Finally, regulations stipulate that during take-off, every engine is supplied from a separate fuel
tank. To ensure this, a tank divider is placed inside the hydrogen tank. As per Onorato et al. [23], the
mass of the shell of one tank cap is added to account for this.

3.5. Engine Sizing
With the thrust loading and corresponding take-off thrust that was obtained in the constraint analysis,
the size of the engine can be determined. This is done by collecting data from existing turbofan engines
and use trendlines to predict the length, diameter and weight of the engine for the conceptual designs
in this study. This method was opted for instead of choosing one existing engine to allow for more
flexibility in the conceptual design procedure.

The engine data that was obtained and used in the sizing process can be seen in Table 3.3. All data
was obtained from the database of Janes4, except for the IAE V2500-A5 engine, for which the data
was obtained from the manufacturer’s product card [76] and the EASA type-certificate data sheet [77].
Using this data, linear trendlines are constructed. Figures 3.6a, 3.6b and 3.6c show the data from
reference engines and the trendline for the take-off thrust versus dry weight, fan diameter and engine
length, respectively. N.B.: the CFM56 appeared to be an outlier regarding engine length and was
therefore not included in the trendline for take-off thrust versus engine length. Thereby, the R2 was
increased from 0.3984 to 0.6281 and thereby the accuracy in estimating the length of the engine.

Table 3.3: Engine data used in engine sizing

Engine type Dry mass [kg] Take-off thrust [kN] Diameter [m] Length [m]
LEAP-1A 3153.00 146.35 1.981 3.328
PW1100G 2857.63 147.28 2.0574 3.40106
PW1900G 2177.24 105.93 1.8542 3.18516
V2500-A5 2404.00 111.20 1.613 3.201
CFM56-5A1 2337.00 111.30 1.735 2.422
PW6000 2289.00 100.00 1.435 2.748

4https://customer.janes.com/

https://customer.janes.com/
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(a) T-O thrust vs. dry weight

(b) T-O thrust vs. fan diameter (c) T-O thrust vs. engine length. N.B.: excluding CFM56 engine

Figure 3.6: Reference engine data and trendlines for take-off thrust versus key engine parameters.

To obtain the maximum diameter of the engine, 0.6 meter was added to the fan diameter obtained with
the trendline in Figure 3.6b.

Engine positioning
The positioning of the engine in the aircraft concept was done relative to the wing and is based on a
study by Lockheed as presented by Torenbeek [62]. The following design rules are adhered to and are
schematically shown in Figure 3.7:

• The front of the nacelle is placed at a longitudinal distance of x = 1.85D ahead of the leading
edge of the wing (see Figure 3.7b).

• The engine is placed at an outboard lateral position of y = 0.35 b/2 (see Figure 3.7a).
• The centre of the engine is placed at a vertical distance of z = 0.95D below the leading edge of
the wing (see Figure 3.7a).

In these rules, D is the maximum engine diameter that was determined above in Section 3.5, and b/2
is the semi-span.



3.6. Engine Performance Model 27

(a) Engine positioning front view (b) Engine positioning top view

Figure 3.7: Engine positioning schematic

3.6. Engine Performance Model
To better estimate the fuel use of the dual-fuel aircraft model throughout the mission, information needs
to be obtained on the fuel consumption of the turbofan engine at different thrust levels. For this pur-
pose, the Gas turbine Simulation Program (GSP) was used. This is a component-based modelling
environment for gas turbines [78]. This tool was used in this study to obtain information on the use of
both hydrogen and kerosene in the same engine model. More specifically, the engine model of a CFM
LEAP-1A turbofan engine was used. This model was available at NLR to be used and similar to the
model used by Ang et al. [79]. A screenshot of this model in GSP is shown in Figure 3.8.

Figure 3.8: LEAP-1A model in the Gas turbine Simulation Program

The goal of using the LEAP-1A model in GSP was to get insight into the performance of the engine at
different operating conditions and when using either hydrogen (H2 gas) or kerosene (Jet-A1). There-
fore, a parameter sweep (block 2 in Figure 3.8) was performed for both fuels over the variables altitude,
Mach number and fuel flow into the combustion chamber. More specifically, the parameter sweep
works as follows: at every altitude step, from 0 to 11000 meter with steps of 1000 meter, the model
was run at Mach numbers ranging from 0 to 0.8 with steps of 0.1. At every Mach number, the model
was run for a range of fuel flows. For hydrogen, the fuel flow ranges from 0.05 to 0.5 kg/s at steps of
0.05 kg/s. For Jet-A1, the fuel flow ranges from 0.1 to 1.0 kg/s at steps of 0.1 kg/s. These fuel flows
were used as they were found to span the operational use of the engine model within the temperature
limit of the exit temperature of the combustion chamber, Tt4. This temperature limit was implemented
with the component limiter (block 8 in Figure 3.8) and set at Tt4 = 1765 K. This ensured that at every
combination of altitude, Mach number and fuel flow, Tt4 would not go over the limit.

Running the model over the specified parameter sweep provided data on the amount of thrust the
engine produces at varying operating conditions and fuel flow, for both fuel types. This data is used in
the mission analysis step in the design loop, which is described in Section 3.8.
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3.7. Aerodynamic Analysis
The previous section presented the engine performance estimation to be used in the mission analysis.
The aerodynamics of the aircraft concept need to be evaluated as well, such that it can be used in
the mission analysis. The total drag is a build-up of lift induced drag and parasite drag [80]. The
latter consisting of friction drag, interference drag and wave drag. The determination of these drag
components will be elaborated upon in this section.

3.7.1. Induced Drag
The lift-induced drag was obtained using the Athena Vortex Lattice program5. This program computes
the induced drag in the Trefftz plane. Since ParaPy provides a direct link between the aircraft geometry,
the induced drag calculation is computed in the design loop taking into account design changes.

The geometry that is used in the AVL analysis consists of the main wing and the horizontal and vertical
tailplane surfaces following from the geometry sizing preceding the aerodynamic analysis. These sur-
faces are discretised with 20 nodes in chordwise direction and 10 nodes in spanwise direction, spaced
equally in both directions.

To obtain CL − CDi
data, the AVL analysis was run at angle of attack α values from 0 to 10 degrees

with steps of 2 degrees. This range was chosen as it approximately spans the linear part of the CL−α
curve of the chosen airfoils at the operating Reynolds number at cruise conditions6.

3.7.2. Skin Friction Drag
Since AVL computes the induced drag of the lifting surfaces using Trefftz plane analysis, it cannot be
used to obtain viscous drag components. Therefore, these zero-lift drag (CD0

) components are com-
puted using the drag build-up method presented by Gur et al. [80] and Raymer [71].

The zero-lift drag is computed with Equation 3.57 by summing the CD0
-values of individual components.

For each component (subscript c), the flat plate skin friction coefficientCfc , form factor FFc, interference
factor Qc and wetted area Swetc is estimated using semi-empirical relations. This will be elaborated on
below.

CD0
=

∑
(Cfc FFc Qc Swetc)

Sref
+ CDmisc

(3.57)

Lifting surfaces
For the wing and horizontal and vertical tailplanes, the friction drag is computed using the spanwise
discretisation from AVL as described before. The flat plate skin friction coefficient is dependent on the
amount of laminar versus turbulent flow. For laminar flow Cflam

is computed with Equation 3.58 and for
turbulent flow Cfturb

is computed with Equation 3.59, in which Re is the Reynolds number of the strip
andM is the Mach number. The combined Cf for the section of the surface strip is a weighted average
between Cflam

and Cfturb
, as can be seen in Equation 3.60, in which δlam is the fraction of laminar flow

over the strip. This is computed with Equation 3.61. The Reynolds numbers in this equation will be
elaborated on below.

Cflam
=

1.328√
Re

(3.58) Cfturb
=

0.455

(log10 Re)2.58 · (1 + 0.144M2)0.65
(3.59)

Cf = δlam · Cflam
+ (1− δlam) · Cfturb

(3.60) δlam =
Retrans
Rechord

(3.61)

In Equation 3.61, Retrans is the Reynolds number at which the flow is estimated to transition naturally
from laminar to turbulent. Based on Gur et al. [80], Retrans is estimated to be 5 · 106 for a technology
factor of 0 for (natural laminar flow on standard wings) for leading-edge sweep angle below 35◦. This
is a conservative estimate as the aircraft concepts in this study will have a leading-edge sweep angle

5https://web.mit.edu/drela/Public/web/avl/
6http://airfoiltools.com/airfoil/details?airfoil=n63415-il

http://airfoiltools.com/airfoil/details?airfoil=whitcomb-il

https://web.mit.edu/drela/Public/web/avl/
http://airfoiltools.com/airfoil/details?airfoil=n63415-il
http://airfoiltools.com/airfoil/details?airfoil=whitcomb-il
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around 30◦, for which the transition Reynolds number would be higher, and therefore the amount of
skin friction drag lower due to increased laminar flow.

Rechord in Equation 3.61 is calculated with Equation 3.62, in which l is the characteristic length, which
is the chord length of the wing strip, and ν is the kinematic viscosity at cruise velocity. This Reynolds
number is used to calculate Cflam

in Equation 3.58. Per Raymer [71], the Reynolds number used to
calculate Cfturb

in Equation 3.59 depends on the cut-off Reynolds number Recutoff . This value takes
into account surface roughness and is calculated with Equation 3.63 for transonic conditions. In this
equation, l is the characteristic length of the component evaluated, the chord length of the strip in
case of a lifting surface, k is a skin roughness estimate and M is the Mach number. k is taken to be
0.634 · 10−5 m for smooth paint [71]. If the cut-off Reynolds number is lower than the actual Reynolds
number, it means the roughness of the skin will increase the drag. In that case, Recutoff is used
in Equation 3.59 to estimate Cfturb

. If the actual Reynolds number is already higher than the cut-off
Reynolds number, then this value is used in Equation 3.59.

Re =
V · l
ν

(3.62) Rcutoff = 44.62

(
l

k

)1.053

M1.16 (3.63)

The form factor FFc of the wing and tail surface elements are calculated using Equation 3.64, in which
(x/c)m is the chordwise position of the maximum thickness point of the airfoil and Λm refers to the
sweep of this maximum-thickness line. For the high-speed airfoils of the wing these are assumed to lie
at 0.5 of the chord, whereas for the low-speed airfoils of the tail surfaces these are assumed to lie at
0.3 of the chord [71]. Next to that, Raymer [71] states that 10% needs to be added to the form factor
the the tail surfaces to account for additional drag due to hinged elevators and rudder.

FF =

[
1 +

0.6

(x/c)m

(
t

c

)
+ 100

(
t

c

)4
]
[1.34M0.18(cosΛm)0.28] (3.64)

Regarding the interference factor Q of wing and tail surfaces, Raymer [71] stipulates Qwing = 1.0,
QHT = 1.05 and QV T = 1.05 for the wing, horizontal and vertical tailplane, respectively.

Fuselage
To estimate the skin friction drag of the fuselage, the form factor is computed with Equation 3.65, in
which f is the fineness ratio of the fuselage that can be obtained based on the length l and diameter d
of the fuselage using Equation 3.66.

FF = 1 +
60

f3
+

f

400
(3.65) f =

l

d
(3.66)

Similar to the wing and tail, the flat plate friction coefficient of the fuselage is a combination of the
laminar and turbulent flat plate friction coefficients from equations 3.58 and 3.59, weighted by δlam in
Equation 3.61. For the fuselage, Rechord (Equation 3.62) and Recutoff (Equation 3.63) is computed
for a characteristic length l equal to the fuselage length. Per Raymer [71], Qfus = 1.0 is taken as the
interference factor for the fuselage.

Engines
To estimate the friction drag of the engines the method by Moens [81] is adhered to. This method
estimates the drag contributions of the engine nacelle and engine core separately, and combines them
to obtain the total engine drag using Equation 3.67. For the form factor to compute the nacelle and
core drag Equation 3.68 is used. The flow around around the nacelle and engine core is assumed
to be fully turbulent, so the flat plate skin friction coefficient from Equation 3.59 is used, for which the
Reynolds number is calculated with Equation 3.62 using the length of the nacelle and engine core.
The interference factor QN is taken to be 1.3, as the engine is placed under the wing less within one
diameter of the wing [71].

CDeng = Neng (QN CDnac1 + CDnac2) (3.67)

FFnac = 1 + 0.35
Dnac

Lnac
(3.68)
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The total skin friction drag is obtained by summing the friction drag components for the lifting surfaces,
fuselage and engines. The miscellaneous drag contribution CDmisc

in Equation 3.57 accounts for pro-
tuberances like antennas and probes 2.5% is added to the total friction drag [81].

3.7.3. Wave Drag
The aerodynamics of the aircraft concept will be evaluated at cruise conditions. As this is in the transonic
regime, wave drag needs to be determined to account for the occurrence of shock waves. This will be
calculated with Lock’s fourth power law, which can be seen in Equation 3.69 [80]. Just like the friction
drag, the wave drag will be evaluated per wing strip and summed to find the total wave drag. The
contribution of each wing strip will be scaled by the area of the wing strip Sc relative to the wing area
Sref . The wave drag contribution is only valid if the Mach number M is larger than Mcr. Otherwise,
CDw

will be 0 for that strip.

CDw
= 20(M −Mcr)

4 Sc

Sref
(3.69)

The critical Mach number Mcr is computed with Equation 3.70, in which MDD is the drag divergence
Mach number. This can be computed with Equation 3.71. In this equation, Λc/2 is the half-chord sweep
angle, t/c is the thickness-to-chord ratio of the strip, Cl is the lift coefficient of the strip, and κA is the
Korn factor. This Korn factor depends on the airfoil. In this drag estimation, a Korn factor of 0.95 for
supercritical airfoils is chosen for estimating the wing wave drag, whereas for the horizontal and vertical
tailplane with a conventional airfoil a Korn factor of 0.87 is chosen [80].

Mcr = MDD − 3

√
0.1

80
(3.70) MDD cosΛc/2 +

Cl

10 cos2 Λc/2
+

t/c

cosΛc/2
= κA (3.71)

The wave drag estimation procedure described above is applied to the wing, horizontal tailplane and
the vertical tailplane. As no sideslip angle is included in the analysis, the part in second fraction in
Equation 3.71 will be zero for the vertical tailplane, as Cl will be zero.

3.8. Mission Analysis
The previously described engine performance and aerodynamic model are used to perform a mission
analysis of the dual-fuel aircraft concept. This mission analysis was performed using the Mission, Air-
craft and Systems Simulation (MASS) tool developed by NLR7. This tool enables the integration of a
specified mission model with data on the aircraft aerodynamic performance and powertrain system to
estimate the fuel burn throughout the mission.

Mission profile
The mission profile that is analysed in the mission analysis consists of a regular cruise mission and a
reserve mission. This reserve part of the total mission follows from a missed approach, after which the
aircraft climbs to the altitude at which the reserve distance as specified by the TLARs is flown. The
second part of the reserve mission is the loiter phase. This follows after a descend phase of the aircraft
from reserve altitude to the altitude at which the loiter part is flown for the duration as specified in the
TLARs. After the loiter phase, the aircraft descends further and lands. A climb rate of 2000 feet per
minute and a descend rate of 3500 feet per minute are adhered to for the climb and descend phases
in the mission and obtained from mission profile data from the Airbus A320neo8.

Fuel priority
In the Class I weight estimation, Section 3.2.1, the fuel split parameter was introduced. This specifies
what part of the mission will be flown on either hydrogen or kerosene (Jet-A1). The fuel priority param-
eter is used to specify which fuel will be used first when a mission phase uses both fuels, so if the fuel
split is between 0 and 1. The fuel priority can be specified per mission phase in the design tool to be
1 (hydrogen used first) or 0 (Jet-A1 used first). Figure 3.9 shows an example of a mission profile used
as the mission analysis with MASS. The mission is flown on hydrogen until 75% of the cruise phase.

7https://www.nlr.org/flyers/en/f543-analyse-the-energy-performance-of-aircraft.pdf
8https://skybrary.aero/aircraft/a20n

https://www.nlr.org/flyers/en/f543-analyse-the-energy-performance-of-aircraft.pdf
https://skybrary.aero/aircraft/a20n
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Then, the remainder of the cruise phase, descend and first part of the reserve phase is flown on Jet-A1.
The second half of the reserve phase is flown on hydrogen, and the loiter and landing phase are flown
on Jet-A1.

Figure 3.9: Example mission profile demonstrating fuel split

Calculation steps in MASS
With the specified mission profile taking into account the fuel split and priority, the fuel mass is calcu-
lated in MASS through a few subsequent steps.

First of all, the mission profile is discretised into a timeseries where each point contains the state of
the aircraft at that point (time, altitude, distance, velocity). This state is used to compute the weight, lift,
drag and thrust forces on the aircraft considering the aircraft as a point mass. The CL − CD data from
the aerodynamic analysis is used in this step. N.B.: lift and drag contributions of flaps and landing gear
are not considered. Also, the force estimation is done with the drag polar evaluated at cruise conditions
throughout the mission.

Secondly, the specified fuel split and fuel priority inputs are used to assign the fuel switch in the dis-
cretised mission profile. The point where this fuel switch between hydrogen and Jet-A1 happens is
assigned based on the length of the mission phase and the specified fuel split percentage of that
phase. The assumption is therefore made that switching fuels happens instantly.

Thirdly, with the required thrust estimated, the fuel mass flow is determined at every time step. For this,
the LinearNDInterpolation function in SciPy is used to obtain linear relationships between flight condi-
tions, mass flow and the required thrust. This is done by using the altitude, Mach number and fuel mass
flow inputs, and the resulting thrust data outputs from the parameter sweep in GSP that was described
in Section 3.6. Then these linear relationships can be used to estimate the fuel mass flow of hydrogen
Jet-A1 at every time step in the mission based on the flight conditions and thrust requirement specified
at these steps. The fuel split and fuel priority are used to assign either the mass flow of hydrogen or
Jet-A1 to that time step. The fuel weight is then found by cumulatively summing the mass flow values
of the whole mission. The hydrogen and Jet-A1 fuel weight are obtained separately by cumulatively
summing the fuel mass flows of the points where either hydrogen or Jet-A1 is used.

As a last step, MASS checks the consistence between the MTOW, OEW and payload provided as
inputs, and the updated MTOW, i.e. the sum of the fuel weight, OEW and payload. The error between
the initial and updated MTOW has to fall within a tolerance of 0.1% of the fuel weight. If this criterion is
not met, the calculation steps described above are performed again with the updated MTOW as starting
weight until consistence between the inputs and outputs are reached within the tolerance. Therefore,
the outcomes of the mission analysis are the separate hydrogen and Jet-A1 fuel use, and the updated
MTOW.
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3.9. Class II Weight Estimation
With the sized aircraft geometry, tank sizing, engine sizing, and fuel weight estimate from the mission
analysis, a Class II weight estimation is performed. This means that the operational empty weight of
the aircraft is obtained by estimating the weight at component level using semi-empirical methods or
previously determined component weights. The latter is the case for the hydrogen tank, of which the
weight was determined after structural and thermal sizing (Section 3.4), and the engines, of which the
weight was determined using the relation between take-off thrust and engine weight based data from
reference engines (Section 3.5).

The OEW estimate from Class II is a combination of the aircraft structure, fuel system, propulsion sys-
tem and fixed equipment. For most of the components in these categories, the empirical relations from
Torenbeek as presented by Roskam [82] are used, whereas the nacelle weight is estimated based on
the empirical relation from Raymer [71]. However, the use of both hydrogen and kerosene in this air-
craft concept, requires special attention to the weight estimation of some components. These will be
presented below. Subsequently, the estimation of the centre of gravity is shown.

3.9.1. Wing weight
In a conventional aircraft flying on kerosene, (most of the) fuel is stored in the wings. This provides
bending relief to the wing structure. For the dual-fuel aircraft in this study, it can occur that only little to
none kerosene is used throughout the mission, and therefore that this bending relief will not be present.
A correction is added to the empirical wing weight estimation from Torenbeek as presented by Roskam
[82] to account for this. This relation is shown in Equation 3.72. In this equation, WZF is the zero fuel
weight, b is the wing span, S is the wing area, tr is the thickness of the wing root, Λc/2 is the sweep
angle at half-chord, and nult is the ultimate load factor. In this equation, all weights are in pounds and
the dimensions in feet, but the wing weight is converted to kilograms. The minimum load factor from
CS25-regulations is 2.5, to which a safety factor of 50% is applied such that the ultimate load factor
is 3.75. To this wing weight, corrections are applied as specified by Roskam [82]: 2% is added for
spoilers and speed brakes, 2% is added for Fowler flaps, and 5% is subtracted as the engines are wing
mounted.

Ww = 0.0017WZF

(
b

cosΛc/2

)0.75
[
1 +

(
6.3 cosΛc/2

b

)0.5
]
n0.55
ult

(
b · S

trWZF cosΛc/2

)0.3

(3.72)

Another correction factor ksemidry is applied to correct for the reduced fuel weight in the wing. This
correction factor is based on the work by Healy et al. [26]. They investigated the wing increase in wing
weight due to dry wings compared to an A320 reference aircraft. They found that for the 36 wing span
limit considered in this study, wing weight increases with 3.5% for a dry wing compared to a wet wing.
Also, a study by Taflan et al. [83] showed that the weight of a Boeing 737 wing increased with 3.42%
compared to the baseline wing, thus supporting the findings by Healy et al. Therefore, it was decided
tot take a 3.5% weight penalty as a baseline correction factor for a dry wing kdry. To go from kdry to
ksemidry, the kerosene weight on board is compared to the fuel capacity of the wing. The total tank
volume was estimated with the empirical relation Equation 3.73 [62]. In this equation, λ is the taper
ratio of the wing and τ is the ratio between the thickness-to-chord ratio of the tip and the root.

Vcap,tank = 0.54
S2

b
(t/c)r

1 + λ
√
τ + λ2τ

(1 + λ)2
(3.73)

Converting Vtank from ft3 to m3 and multiplying with a fuel density for Jet-A1 of ρ = 800 kg/m3, the
fuel capacity mcap,tank in kg is found. ksemidry is then found using Equation 3.74, in which mJetA is
the weight of Jet-A1 on board from the mission analysis. Torenbeek [62] states that the accuracy of
Equation 3.73 is not very high. Therefore, ksemidry is set to be always 1 or higher.

ksemidry = 1 + kdry
(mcap,tank −mJetA)

mcap,tank
(3.74)
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3.9.2. Fuel system weight
The dual-fuel aircraft concept contains both a hydrogen and a kerosene fuel system. As previously
mentioned during the Class I weight estimation in Section 3.2.1, the hydrogen fuel system weight is
computed with Equation 3.12, in which a correction factor kfs = 0.5 based on Onorato et al. [23] was
applied. This equation is again applied in Class II, using the hydrogen weight from the mission analysis
converted to litres with ρ = 71 kg/m3. For the kerosene fuel system, Equation 3.12 was also used, but
then without the kfs correction factor, the number of fuel tanks Nft = 2 for both wings, and also the
kerosene weight from the mission analysis converted to litres with ρ = 800 kg/m3 is used.

3.9.3. Propulsion system weight
The relation for propulsion system weight Wapsi (accessory drives, powerplant controls, starting and
ignition systems) from Torenbeek as presented by Roskam [82] is shown by Equation 3.75, in which
Neng is the number of engines and ṁf,TO is the fuel mass flow rate at take-off. To take into account
the possibility of using hydrogen or kerosene to propel the aircraft, this mass flow rate is computed
by summing the maximum mass flow rate of hydrogen and kerosene that could occur throughout the
mission profile in the mission analysis, irrespective of what fuel is assigned to be used at that point in
the mission. This way, a conservative weight estimate of the propulsion system is made.

Wapsi = 36Neng ṁf,TO (3.75)

3.9.4. Centre of gravity estimation
The centre of gravity (CG) of the aircraft can be estimated with the component weights and their respec-
tive positions along the aircraft. The calculation is split into the centre of gravity of the fuselage group,
containing the fuselage, hydrogen tank, empennage and fixed equipment, and the wing group, con-
taining the wing, engines and nacelles. Although the landing gear was included in the Class II weight
estimation, it was not included in the CG estimation, as the CG of the landing gear is assumed to lie
at the CG location of the aircraft. The CG locations of components is obtained either by built-in CG
attributes in the ParaPy geometry, or estimated based on Torenbeek [62] are used. Additionally, the
CG of the engines is assumed to lie at the same position at the CG of the nacelles from Torenbeek, i.e.
at 40% of the nacelle length. The CG of the fixed equipment is assumed to lie at the same position of
the fuselage CG. The CG of the hydrogen fuel system is located at the same position as the hydrogen
tank. The CG of the kerosene fuel system is located at the In determining the CG of the empty aircraft,
the wing is positioned such that the CG of OEW lies at 30% of the MAC of the wing.

Taking into account fuel and payload, the most forward and aft CG positions can be determined. This
is done by evaluating Equation 3.76 for the following combinations of OEW, payload and fuel:

• OEW + payload + hydrogen + kerosene
• OEW + payload
• OEW + payload + hydrogen
• OEW + payload + kerosene
• OEW + hydrogen
• OEW + kerosene
• OEW + hydrogen + kerosene

For these CG options, it is assumed that the CG of payload lies halfway the passenger section, lpax,
as shown in Figure 3.3, CG of hydrogen aligns with the CG of the hydrogen tank and kerosene aligns
with the CG of the wing.

XCG =

∑
(XCG,i ·Wi)∑

Wi
(3.76)

A margin of 2% of the MAC length is applied to the most forward and aft CG to account for slight
changes in CG location due to e.g. moving passengers.
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3.10. Longitudinal Static Stability
As the dual-fuel aircraft contains a heavy hydrogen tank in the back of the fuselage, it is important
that the longitudinal static stability is ensured. This is done by making sure the static margin is large
enough. The static margin is computed with Equation 3.77, in which Xnp is the neutral point of the
aircraft, XCG,aft is the most aft CG from the CG range as described in Section 3.9.4, and c̄ is the MAC
length.

SM =
(Xnp −XCG,aft)

c̄
(3.77)

The neutral point of the aircraft at cruise conditions is obtained from AVL. However, some corrections
need to be applied to this neutral point to account for (de)stabilizing effects of the fuselage and na-
celles, ∆

(xnp

c̄

)
fus

and ∆
(xnp

c̄

)
nac

, respectively, causing a shift in neutral point. x̄ means x is non-
dimensionalised by the MAC length c̄. The neutral point corrections are taken from Torenbeek [62].

∆
(xnp

c̄

)
fus

= − 1.8

CLαA−h

bfhf lfn
Sc̄

+
0.273

1 + λ

bfcg(b− bf )

c̄2(b+ 2.15bf )
tanΛc/4 (3.78)

Equation 3.78 above shows the calculation of the neutral point shift due to fuselage contribution. The
first (negative) part of the equation is related to the fuselage nose contribution to lift generation, which
has a destabilizing effect. The second (positive) part of the equation accounts for the loss of lift at
the wing-fuselage intersection, which has a stabilizing effect. In the equation, CLαA−h

is the lift-curve
slope of the aircraft less horizontal tail. This is estimated using the DATCOM method for swept wings
in compressible flow as presented by Torenbeek [62]. bf and hf are respective width and height of
the fuselage (equal in this study), whereas lfn is the distance of the nose of the fuselage to the wing
intersection with the fuselage. cg is the geometric chord and equals S

b and Λc/4 is quarter chord sweep
angle of the main wing.

The neutral point shift due to the nacelles is computed with Equation 3.79 below. In this equation, kn is
a factor accounting for the engine type. For nacelles mounted in front of the leading edge of the wing
it equals -4. bn is the width of the nacelle and ln is the distance between the quarter-chord MAC and
the front of the nacelle.

∆
(xnp

c̄

)
nac

=

Neng∑
i=1

kn
b2nln
Sc̄

(3.79)

The corrected neutral point is obtained by adding the neutral point shifts due to the fuselage and na-
celles to the chord non-dimensionalised neutral point from AVL xnp

c̄ . This corrected neutral point can
be used to check the static margin of the aircraft. A minimum static margin of 0.05c̄ is used in this study.
When this value is not reached, it means that the area of the horizontal tailplane Sh is not large enough.
Equation 3.80 below is used to compute the ratio of horizontal tailplane to the wing area to satisfy a
static margin of 0.05c̄. In this equation, the lift-curve slopes of the horizontal tailplane and aircraft less
tail, CLαh

and CLαA−h
, are again estimated using the DATCOM method as described by Torenbeek

[62]. Furthermore, x̄ac is the aerodynamic centre of the wing. This value is obtained as the neutral
point from AVL when running the AVL analysis only for the wing surface without the empennage sur-
faces. To this wing aerodynamic centre the same fuselage and nacelle corrections from Equation 3.78
and Equation 3.79 are applied as for the neutral correction of the whole aircraft. Next to that, lh is the
tail arm of the horizontal tail, and

(
Vh

V

)2 is the tail to wing velocity ratio, which equals 0.85 for a fuselage
mounted horizontal tailplane [84]. Finally, dε

dα is the downwash gradient, which is estimated based on
the method by Slingerland as presented by Oliviero [84]

Sh

S
=

1[
CLαh

CLαA−h

(
1− dε

dα

)
lh
c̄

(
Vh

V

)2] x̄cg −
x̄ac − 0.05[

CLαh

CLαA−h

(
1− dε

dα

)
lh
c̄

(
Vh

V

)2] (3.80)

This tail-to-wing area ratio is applied in the design loop to increase the area of the horizontal tailplane
if the static margin is too small.
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3.11. Emissions & Energy
Next to aircraft design parameters and weight of the aircraft structure, hydrogen and kerosene, the
performance of the dual-fuel aircraft concept is evaluated from an emissions and energy consumption
point of view. This section will describe how these performance indicators will be obtained.

From the fuel use of the aircraft concept, theCO2 emissions will be determined. Following the approach
presented by Smith & Mastorakos [50], the CO2 emissions are obtained using the Carbon Intensity (CI)
parameter. This parameter, with unit kgCO2

/MJ , takes into account CO2 emissions associated with
the production and utilisation of one unit energy of fuel. This way, the in-flight emissions from using
kerosene can be compared to the emissions from production of hydrogen. The total amount of CO2

emissions of both fuels is computed from the total energy consumption with Equation 3.81. The total
energy consumption is a combination of the well-to-tank and tank-to-wake energy consumption, Ew−t

and Et−w, respectively.

mCO2
= CI · (Ew−t + Et−w) (3.81)

The tank-to-wake energy consumption is computed with Equation 3.83, in which the mass of the fuel
component is multiplied with its lower-heating-value (LHV). The well-to-tank energy consumption takes
into account the amount of energy needed to produce the fuel. Similar to Smith & Mastorakos [50], this
energy contribution is neglected for kerosene (Jet-A1) utilisation, as Howe et al. [85] estimated that
99.9% of the life-cycle emissions of commercial aircraft is associated with the operation of the aircraft,
such that the well-to-tank energy consumption of kerosene use is negligible compared to the tank-to-
wake energy consumption. For liquid hydrogen fuel, the well-to-tank energy consumption is computed
with Equation 3.82, in which ηe is the efficiency of hydrogen electrolysis and el is the energy required to
liquefy one kilogram of hydrogen. Currently, the most common way to produce hydrogen is from fossil
fuels through steam reforming of natural gas [86]. However, this method has a very high CI. In most
cases even higher than using fossil fuels directly in an aircraft [50]. Therefore, hydrogen production
through electrolysis will be considered in this study.

Ew−t = Mfuel ·
(
LHVfuel

(
1

ηe
− 1

)
+ el

)
(3.82) Et−w = Mfuel · LHVfuel (3.83)

Next to electrolysis to produce the hydrogen, also energy for the liquefaction of hydrogen is assumed to
be grid electricity. This electricity is assumed to be derived from a mix of renewable sources and fossil
fuels. Smith and Mastorakos [50] present an estimation of the CI of the decarbonising world average
electricity grid from 2021 to 2050. Next to that, they present estimates of the increase in efficiency of
electrolysis, as well as the reduction of energy required for hydrogen liquefaction in the future based on
literature. These projections will be used to determine the emissions and energy of the aircraft concept
if it would be flying now in 2025, if it would entre service in 2035, and in the distant future (2050), for
which values in Table 3.4 will be used.

Table 3.4: Emissions and technology projections of electricity and hydrogen production, from [50]

Year Carbon intensity of world-
average electricity grid,
CI [kgCO2/MJ ]

Efficiency of electroly-
sis, ηe [−]

Energy required for liq-
uefaction, el [kWh/kg]

2025 0.115 0.696 6.26
2035 0.091 0.715 6.02
2050 0.0561 0.718 6.00

Next to these values, Smith & Mastorakos [50] estimate the CI of Jet-A1 fuel at a constant value of
0.106 [kgCO2

/MJ ]. Using these values in the aforementioned equations, the total CO2 emissions and
energy consumption can be computed for 2025, 2035 and 2050. el is converted to MJ/kg by multiplying
the values in Table 3.4 with 3.6. Finally, the equivalent CO2 emissions, CO2eq [g/PAX/km], and
specific energy consumption, SEC [MJ/PAX/km], are computed by dividing the total amount of CO2

emissions and total energy consumption by the number of passengers and the distance covered over
the total mission.
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3.12. Overview of Assumptions
Below, an overview of the assumptions that were made in the methodology is presented.

• Fuselage shape is circular.
• Fuselage diameter is sized for passenger accommodation, limited additional cargo is assumed
to fit within the fuselage.

• The passenger accommodation is based on a single-class layout, so with constant seat width and
pitch throughout the cabin.

• The end cap of the hydrogen tank aligns with fuselage tailcone. It is assumed that enough space
is left for the auxiliary power unit, other systems and empennage structure.

• The insulation layer of the hydrogen tank is sized for a dormancy time of 12 hours at sea level
conditions.

• The thickness-to-chord ratio and circumference along the wingspan is obtained through linear
interpolation from root to tip.

• The lift-drag polar is obtained at cruise conditions and used throughout the whole mission analysis.
• Lift and drag contributions of flaps and landing gear are not considered in the mission analysis.
• Fuel switch between hydrogen and Jet-A1 happens instantly. The location along the mission pro-
file is assigned based on the length of the mission phase and the specified fuel split percentage.

• CG of the operational empty weight of the aircraft is assumed to lie at 30% of the MAC
• The CG of the landing gear is assumed to align with the overall aircraft CG.
• Fixed equipment CG aligns with the fuselage CG.
• Engine performance data is obtained for only one engine geometry model and does not scale
with engine sizing.

• Combustion modelling of hydrogen and Jet-A1 in GSP is limited to 0-dimensional chemical equi-
librium and does not take into account component level engine effects from combusting either
hydrogen or Jet-A1.

• Engine model TIT limit applies to both take-off and cruise conditions
• Vertical tail sizing is only done based on the tail arm between wing and vertical tailplane aerody-
namic centres. Directional stability and OEI conditions are not taken into account.

• Aerodynamic centre of horizontal and vertical tail used to obtain the tail arm to the wing lies at c/4
of their respective MAC

• Electricity for hydrogen electrolysis and liquefaction is obtained from the world-average electricity
grid.

• Aircraft model always includes hydrogen tank, also if no hydrogen is specified for the mission.
• Fuel enters the combustion chamber of the engine model at room temperature.
• Landing gear sizing and positioning not taken into account, whereas weight estimation includes
landing gear weight weight.

• Aeroelastic effects of semi-dry wings with reduced bending relief were not taken into account.
• Fuselage structure around hydrogen tank is similar to fuselage structure at passenger accommo-
dation.

• Well-to-tank energy consumption of kerosene is negligible compared to the tank-to-wake energy
consumption. Therefore, only the tank-to-wake energy consumption and accompanying equiva-
lent emissions from kerosene are considered.

• The carbon intensity of kerosene is constant from 2025 to 2050.



4
Verification & Validation

The methods that were previously described were verified and validated for their correct and reliable
functioning on several aspects. This chapter will describe the verification and validation of the model
in Section 4.1 and Section 4.2, respectively.

4.1. Verification
4.1.1. Aerodynamic model
The drag polar from obtained from the aerodynamic model will be used in the mission analysis. There-
fore, it is important to verify its functioning. Below, the induced drag from AVL will be discussed. Sub-
sequently, the build-up of the drag polar for the separate drag components will be shown.

Induced drag scaling
As described in Section 3.7, the induced drag is obtained from the Trefftz plane in AVL. Upon verification
of this induced drag, it was discovered that AVL estimates this too low compared to the theoretical
estimate of the induced drag. Figure 4.1 shows a comparison between the induced drag from AVL and
the theoretical induced drag, computed with Equation 4.1, for an Oswald span efficiency factor e of
0.8, 0.85 and 0.9. It was found that AVL overestimates this span efficiency factor. A possible reason
for this is the fact that uniform spacing was used for the vortex and panel distribution in spanwise and
chordwise direction [87]. In order to estimate the induced drag more realistically, a scaling factor of 0.8
was applied. Figure 4.1 shows the resulting induced drag estimation. With the scaling applied, it falls
in between the theoretical induced drag for Oswald span efficiency factors of 0.8 and 0.85, which are
typical figures for high-subsonic jet transport aircraft [62].

CDi
=

C2
L

πAe
(4.1)

37
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Figure 4.1: Induced drag from AVL compared to theoretical induced drag

Drag polar build up
Figure 4.2 shows the build-up of the drag polar from the aerodynamic analysis for the induced drag,
skin friction and wave drag components. It can be seen that the skin friction drag is predominant in the
zero-lift drag build-up, which was expected for this type of aircraft with thickness-to-chord ratios below
20% and long, slender fuselage [62].

Figure 4.2: Drag polar build-up
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4.1.2. Engine model
The working of the engine model is verified by investigating the relation between thrust and fuel mass
flow. Figure 4.3 shows the relation between thrust and fuel mass flow from the engine model at a range
of Mach number and altitude conditions for both hydrogen and Jet-A1. The conditions at M=0 and h=0,
and M=0.8 and h=11000 are the outer limits of the available engine data. At increasing altitude and
Mach number, the data for the highest mass flow is reduced for both fuel types. This is due to the fact
that data points are removed at certain Mach number and altitude combinations for mass flows at which
the limit on the turbine inlet temperature (TIT) is reached for the first time.

Figure 4.3: Thrust versus fuel mass flow at take-off and cruise conditions

To further check the correct use of the engine data, the maximum required thrust and fuel massflow
during the take-off and cruise phases are checked. This is done for both a full hydrogen and a full
kerosene aircraft concept, as will be used in the model validation in Section 4.2.4 as well. Table 4.1
below shows the maximum fuel flow and thrust per engine occurring for the evaluation of a full hydrogen
and full kerosene aircraft concept generated with the design tool. Figure 4.3 also includes markers for
these values.

Table 4.1: Maximum fuel flow and thrust per engine

Parameter Full hydrogen concept Full kerosene concept
Max. ṁf,TO [kg/s] 0.2186 0.6086
Max. ṁf,cruise [kg/s] 0.1110 0.2912
Max. TTO [kN ] 59.1 59.6
Max. Tcruise [kN ] 20.3 19.3

Comparing the values in Table 4.1 to the relation between thrust and fuel massflow at various conditions
in Figure 4.3, it can be verified that the maximum fuel massflow and thrust per engine during the take-off
and cruise phases fall in the range that is spanned by the available engine data.

4.1.3. Verification of model convergence
Similar to the work by Onorato et al. [23], who use the Initiator aircraft design tool by Elmendorp et
al. [88], “feasilisation” of the aircraft concept is sought after. This means that the convergence of the
design loop does not include optimisation, but iterations are performed where the outcomes of one
iteration are used in the subsequent iteration until the outcomes of subsequent iterations fall below a
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certain threshold. The threshold for the design loop in this study is set at 0.5% and needs to be met by
the relative error of the MTOW, OEW and FW of subsequent iterations. Next to that, to increase the
likelihood of a feasible design outcome, the design loop is evaluated for five more iterations when the
relative error of the weight components falls below the threshold.

Figure 4.4 shows the progression of the relative error, whereas Figure 4.5 and Figure 4.6 show the
convergence of MTOW and OEW, and the fuel weight components, respectively. These and the other
figures in this verification section result from an analysis of a 5000 kmmission that is flown on hydrogen,
but uses kerosene during the reserve and loiter phases of the mission, similar to scenario 2 that will be
introduced in Section 5.1.

Figure 4.4: Convergence of relative error of MTOW, OEW and FW

Figure 4.5: Convergence of MTOW and OEW
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Figure 4.6: Convergence of fuel weight components

As described in Section 3.10, static longitudinal stability of the aircraft is ensured by enlarging the
horizontal tail area in case the static margin is too small. Figure 4.7 shows the convergence of the
longitudinal positions of the forward and aft C.G., leading edge of the mean aerodynamic chord, and
the (corrected) neutral point. It can be observed that the static margin is initially too small, after which
the neutral point shifts more aft. Also, the forward and aft C.G. shift more aft. This is caused by the
increase in empennage weight caused by the increasing horizontal tail area. The empennage weight
increase is reflected in Figure 4.8, which shows the convergence of the weight of components from the
Class II weight estimation. Finally, the neutral point and C.G.-range converge to a stable position.

Figure 4.7: Convergence of longitudinal positions
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Figure 4.8: Convergence of Class II component weights

4.2. Validation
Validation of the model is done to check if realistic results are obtained from several of the analysis
blocks in the design procedure, as well as from the aircraft design model as a whole. First of all, this
section will describe the validation of the hydrogen tank model, the aerodynamic model and the engine
model in Section 4.2.1, Section 4.2.2 and Section 4.2.3, respectively. Subsequently, Section 4.2.4 will
present validation of the outcomes of the entire aircraft design model.

4.2.1. Hydrogen tank model
As the hydrogen tank plays an important role in the dual-fuel aircraft concept. Therefore, it is crucial
to validate the sizing of the hydrogen tank. As was described in Section 3.4.2, the insulation layer of
the tank is sized for a certain boil-off rate using the method of Tarbah [75]. The boil-off rate is based
on a dormancy time of 12 hours. However, when using the same boil-off rate per unit of tank volume
as used by Tarbah [75], the thickness of the insulation layer and the the gravimetric efficiency of the
tank does not correspond well with values found in literature. Therefore, the boil-off rate used to size
the insulation layer is tuned such that it matches data presented by Huete & Pilidis [24]. In their study,
they present different tank designs, sized for a certain dormancy time, and present the relation between
the tank radius and gravimetric efficiency. Figure 4.9 shows this relation for a 100 m3 cylindrical foam
insulation tank with aluminium structural shell, sized for dormancy time of 12 hours. In order to match
the relation with the model in this study as accurately as possible, it was found that the boil-off rate
from Tarbah [75], normalised by tank volume, had to be scaled down with a factor of 6. Comparing the
relations in Figure 4.9, it can be seen that the gravimetric efficiency as estimated by the model in this
study overestimates the gravimetric efficiency found by Huete & Pilidis [24] for a tank radius between
1.0 and 1.5 m. At radii above that, the gravimetric efficiency is well estimated. Therefore, the tank
model is deemed to have sufficient accuracy for the use in this model, as the tanks generated in this
study will have radii between 1.5 and 2.0 m.
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Figure 4.9: Gravimetric efficiency versus tank radius

To further validate the tank model, it was compared to values found in literature. For this, the study
by Onorato et al. [23] was used. Results of the comparison can be seen in Table 4.2. For the same
tank radius, hydrogen mass and vent pressure, the tank length and shell thickness were found equal.
However, a larger insulation thickness was found with the model in this study. This can be attributed
to the difference in approach regarding thermal sizing of the insulation layer. Onorato et al. [23] deter-
mined the required thickness of the insulation layer by modelling the pressure evolution in the tank in
a time-step mission analysis, whereas, in this study, the boil-off rate is assumed constant. The lower
tank mass with the insulation layer being thicker can be explained by the difference in tank end cap
between the reference case and this model. Onorato et al [23] model the start cap of the tank as a an
ellipsoid, for which the shell thickness is equal to the shell thickness of the centre section. In this study,
both caps are modelled as hemispheres, for which the thickness of the shell is half of that of the centre
section due to reduced stresses. This causes the tank weight the be lower, as the thicker insulation
layer barely adds weight.

As mentioned in Section 3.4, tank model in this study uses a vent pressure of 4 bar to estimate the
thickness of the structural shell to make a conservative estimate. This leads to a thicker shell thickness
and therefore a larger tank mass and lower gravimetric efficiency. However, the gravimetric efficiency
is still within 10% difference. In combination with validation of the relation between tank radius and
gravimetric efficiency that was previously shown, the tank model in this study is deemed accurate
enough for the conceptual design that is done in this study.
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Parameter SMR-LH2a
non-
integral
tank

Tank model out-
put for 2.5 bar
vent pressure

∆ (%) Tank model out-
put for 4 bar vent
pressure

∆ (%)

rtank [m] 1.86 1.86 - 1.86 -
ltank [m] 10.8 10.8 - 10.8 -

tshell,cs [mm] 2.5 2.5 - 5.3 +112
tins [mm] 128 146 +14.8 147 +14.8
mH2 [t] 5.88 5.88 - 5.88 -
mtank [t] 1.73 1.58 -8.67 2.44 +41.0
ηtank [−] 0.773 0.788 +1.94 0.707 -8.54

Table 4.2: Comparison of tank model to tank model data from Onorato et al. [23]

4.2.2. Aerodynamic model
Validation of the aerodynamic model in the design tool is done by comparing existing data from the
CSR-01 reference aircraft to the outcomes of the aerodynamic model for that geometry [89]. The CSR-
01 is a reference aircraft similar to the A320ceo (current engine option). The CSR-01 data is obtained
for 10668 meter altitude (35000 ft), whereas the aerodynamic model was run at 11000 meter. The
Mach number was 0.78 in both cases. The results of this comparison can be seen in Table 4.3. In this
table, the viscous drag component is similar to the skin friction drag including interference factor that
was explained in Section 3.7.2.

Table 4.3: Comparison table of drag components for CSR aircraft geometry. Reference data from [89]

Parameter CSR-01 Aerodynamic model ∆ (%)
CL 0.54 0.54 -
CD 0.03092 0.0315 +1.88
CDi

0.01106 0.01165 +5.3
CD0

0.01986 0.01983 -0.15
CDvisc

0.01884 0.01805 -4.2
CDw

0.00102 0.001299 +27.4

The induced and viscous drag show correspondence with around 5% difference. The wave drag
shows a larger difference. The overestimation may be caused by an incorrect computation of the drag-
divergence Mach number in Equation 3.71, as only one Korn-factor for supercritical airfoils is applied to
the entire wing. Summing the viscous and wave drag components to the zero-lift drag coefficient CD0

,
the aerodynamic model shows good correspondence to the reference data. The total drag coefficient
CD also shows good accuracy compared to the reference data.

Next to the comparison of drag components, the shape of the drag polar was compared to reference
data as well. For this, the untrimmed drag polar for the A320neo that was found by Tran [73] was used.
To make the comparison, the geometry of the A320neo was mimicked as best as possible, relying
on the reference values specified by Tran [73] and Janes1. Figure 4.10 shows the drag polar of the
aerodynamic model for the A320neo geometry replica compared to the untrimmed drag polar of the
A320neo from Tran [73].

1https://customer.janes.com/

https://customer.janes.com/
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Figure 4.10: Comparison of drag polar from for A320neo geometry from aerodynamic model and reference data from [73]

The comparison shows that the shape of the drag polar aligns well. However, an offset can be noted
as well. The drag polar from the aerodynamic model underestimates the reference drag polar with a
relative difference of 9.8% at CL = 0.35 and this difference reduces to 5.7% at CL = 0.70. The cause of
the underestimation may lie in the fact that the aircraft geometry in this study does not include a kinked
section nor a winglet, whereas the aircraft geometry of Tran [73] does include this, leading to larger
skin friction drag even for similar wing area.

Considering the comparative analysis of drag components for the CSR aircraft geometry, and the com-
parison of the drag polar for the A320neo geometry, it is concluded that the aerodynamic model is
sufficiently accurate for the conceptual level of this study.

4.2.3. Engine model
Validation of the enginemodel is done by comparing the thrust specific fuel consumption (TSFC) for both
hydrogen and kerosene to values found in literature. For this, the work by Huete et al. [90] will be used.
They evaluated the performance of a high-bypass ratio turbofan engine for a wide-body aircraft, similar
to the Rolls-Royce Trent XWB, using TURBOMATCH, the gas turbine performance simulation code
from Cranfield University. Table 4.4 shows the obtained TSFC of this evaluation at take-off and cruise
conditions, compared to the results of the GSP engine model described in Section 3.6 by dividing the
fuel flow (g/s) by the thrust (kN). Huete et al. [90] state the conventional fuel in their analysis has a lower
fuel calorific value of 43.1 MJ/kg and is therefore considered similar to Jet-A1 fuel in GSP. Additionally,
for hydrogen, they differentiate between a value for either the same turbine inlet temperature (TIT) or
the same thrust as the Jet-A1 baseline value. As the engine model in this study limits performance
by TIT as well, the reference data at this condition is taken from Huete et al. [90]. The TIT limits for
take-off and cruise are 1865 K and 1760 K, respectively. As mentioned in Section 3.6, the TIT limit of
the engine model in this study is 1765 K. This limit applies to both take-off and cruise conditions. For
the own model data, take-off conditions are at a Mach number of 0 and altitude of 0 meter, whereas
cruise conditions are at a Mach number of 0.8 and 11000 meter altitude. It is not entirely clear what
Mach number and altitude the reference data is obtained at for take-off and cruise conditions.
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Table 4.4: TSFC from engine model data compared to data from Huete et al. [90]

Fuel type Take-off Cruise
Huete et al. Own model Huete et al. Own model

TSFC (g/kN/s) ∆ (%) TSFC (g/kN/s) ∆ (%)
Jet-A1 8.5157 7.5437 -11.4 16.162 15.385 -4.8
H2 3.2076 2.7675 -13.7 5.8160 5.6134 -3.48

For take-off conditions the TSFC of the model in this study is significantly lower than the reference
data. A reason for this could be the fact that the temperature limit of the model by Huete et al. [90] is
much higher than the model in this study, as a higher temperature limit allows for a higher fuel flow. For
cruise conditions, the TSFC values from the model in this study align with the reference data within a
5% difference. The fact that the TSFC from Huete et al. [90] is higher, can be explained by the fact that
the bypass ratio of the engine that their engine model is based on, the Rolls-Royce Trent XWB, is lower
than the engine the model in this study is based on, the CFM LEAP-1A. The bypass ratio of the Rolls-
Royce Trent XWB is 9.6 [91], whereas the CFM LEAP-1A has a bypass ratio of 11 [92]. Other factors
causing differences can lie in the analysis methods in the engine models, the conditions at which data
is obtained, or operating principles of engine types as they are both high-bypass ratio turbofans, but
for different aircraft categories. However, considering the differences in TSFC at take-off, which is only
a small part of the entire mission, and cruise conditions, the engine model in this study was deemed
accurate enough for the use in the mission analysis.

4.2.4. Model Validation
As there is currently no existing dual-fuel aircraft operational with which a comparison could be made,
validation of the dual-fuel aircraft design tool is done by comparing the results from the design tool to
single-fuel equivalents. For this, the work by Onorato et al. [23] is taken as reference. In this work, the
integration of hydrogen tanks in tube-and-wing airliners was investigated using (an extended) design
framework of the Initiator [88]. The SMR-LH2a is a short-to-medium range hydrogen aircraft, similar
to an A320neo, with one non-integral tank in the back of the fuselage, whereas the SMR-JA1 is the
kerosene equivalent that the SMR-LH2a is compared to by Onorato et al. [23]. The outcomes of the
dual-fuel design framework applied to full hydrogen and full kerosene mission specifications are com-
pared to the SMR-LH2a and SMR-JA1 aircraft for similar inputs: 150 passengers, additional cargo of
5050 kg to reach 19.3 tons payload, design range of 4560 km, diversion (reserve) range of 370 km,
loiter time of 30 minutes. The results from this comparison can be seen in Table 4.5 and Table 4.6.

Some remarks have to be made regarding this comparison. First of all, Onorato et al. [23] separate the
mass of horizontal and vertical tail, whereas the model in this study calculates the empennage weight
from geometric aspects of both the horizontal and vertical tailplane. Therefore, formemp from Onorato,
the horizontal and vertical tailplane mass is summed. Next to that, the drag coefficient is displayed
in counts, where 1 count equals 0.0001. For the wing, horizontal and vertical tail drag coefficient, the
contributions of skin friction drag, including interference factors, and wave drag for these components
as described in Section 3.7, are summed. The fuselage drag coefficient reflects the skin friction drag
from the fuselage. Finally, the model in this study is set up in such a way that a hydrogen tank is always
present in the aircraft concept. As mentioned in Section 3.4.1, the tank will be spherical if the required
hydrogen volume is lower as what fits in the hemispherical caps. This makes the comparison with the
SMR-JA1 less straightforward.
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Table 4.5: Comparison table of full kerosene aircraft to SMR-JA1 by Onorato et al. [23]

Outputs SMR-JA1 Own model
full
kerosene

∆ (%)

lfus [m] 36.1 42.2 +16.9
rfus[m] 1.99 2.00 +0.50
ltank [m] - 3.58 -
rtank [m] - 1.79 -
S [m2] 122 117 -4.10
b [m] 35.8 36 +0.56
Sh/S [−] 0.260 0.201 -22.7
mH2

[t] - 0 -
mtank [t] - 0.527 -
ηtank - - -
mfuelsys,JetA1 [kg] 280 275 -1.79
mfus [t] 10.6 9.97 -5.94
memp [t] 1.72 1.48 -14.0
mw [t] 9.99 8.17 -18.2
ksemidry - 1.006 -
mengines [t] 7.66 4.79 -37.5
mgear [t] 2.67 2.95 +10.5

W/S [kN/m2] 6.35 6.30 -0.79
T/W [−] 0.310 0.304 -1.94
L/D midcruise [−] 17.4 18.4 +5.75

CD0,vt
[counts] 12 16 +33.3

CD0,ht
[counts] 20 13 -35

CD0,fus
[counts] 60 77 +28.3

CD0,wing
[counts] 67 60 -10.4

CD0
[counts] 212 189 -10.8

MTOW [t] 79.1 75.3 -4.80
OEW [t] 44.8 40.2 -10.3
FW [t] 15.1 15.8 +4.64

Compared to the SMR-JA1, the fuselage length of the full kerosene aircraft concept is found to be con-
siderably larger. This is mainly caused by the spherical hydrogen tank present in the aircraft. Next to
that, the ratio between the horizontal tail and wing area was found to be considerable lower, for which
a possible cause is the increase in fuselage length and thereby the lower tail moment arm. Next to that,
Onorato et al. [23] use an X-plot to size the horizontal tailplane area, whereas this study estimates the
required horizontal tail area for a static margin, relying on semi-empirical neutral point corrections and
lift-curve slopes. This (partially) different approach can also explain the discrepancy in the Sh/S-ratio
estimation.

Regarding the weight components, it can be seen that lower estimates are found for all components
except the the landing gear. The weight of the fuel system is accurately estimated. The difference in
fuselage weight is also not large, however the combination of a longer fuselage but a lower weight is not
in line with each other. A reason for the underestimation of the fuselage weight could lie in the difference
in the estimation method. In this study, the fuselage weight is estimated with semi-empirical relations
from Torenbeek [62], as described in Section 3.9, whereas Onorato et al. [23] employ a combination of
finite-element methods and semi-empirical relations to obtain more accurate masses. This is also the
case for the wing weight, which is estimated to be much lower for the full kerosene concept compared
to the SMR-JA1, for which Onorato et al. [23] also (partially) use of finite-element methods. The lower
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wing area estimated for the full kerosene concept also contributes to a lower wing weight. The ksemidry

factor for wing weight, as introduced in Section 3.9.1 to correct for (partially) empty wings, is close to
1, which was expected as the full kerosene aircraft still favours the bending relief due to fuel in the wings.

The empennage weight was also found to be considerable lower for the full kerosene concept com-
pared to the SMR-JA1. This can be related to the lower Sh/S-ratio that was found. Also the engine
weight was found to be much lower. This can be partially related to the combination of a lower thrust-
to-weight ratio and a lower MTOW for the kerosene baseline compared to the SMR-JA1. Furthermore,
it is not clear what engine sizing and/or weight estimation method was employed by Onorato et al. [23],
and if it perhaps already contains the weight of the nacelle. The difference in landing gear weight can
be explained by the fact that Onorato et al. [23] used the method by Raymer [71] for it, whereas the
method from Roskam as presented by Torenbeek [62] was used in this study.

Regarding the drag components, large discrepancies can be noted for the CD0
components for the

horizontal and vertical tailplanes and fuselage. The lower horizontal tailplane drag can be related to
the lower horizontal tailplane area, and the higher fuselage drag can be related to the higher horizontal
tailplane area. It is unknown what vertical tailplane area was found for the SMR-JA1, so that cannot be
used to explain the discrepancy in drag for the vertical tailplane. Next to that, it is not known in great
detail what drag build-up methods were used by Onorato et al. [23], as well as the conditions at which
the drag components are evaluated. Therefore, it is difficult to point out other causes for the large dis-
crepancies in these drag components The wing drag is also estimated lower for the the full kerosene
concept, but not with such a large difference as the other components, and it can be related to the lower
wing area. Finally, the total CD0

drag coefficient is estimated little over 10% lower for the full kerosene
concept, which can be partially explained by the combination of the individual drag components and is
therefore deemed reasonably accurate.

Regarding the total weights, it can be noted that both the MTOW and FW are estimated within 5%
accuracy. The lower estimate for the OEW can be explained by the lower weight component estimates
previously mentioned. Table 4.6 below shows the comparison of the full hydrogen concept from this
study with the SMR-LH2a concept from Onorato et al. [23].

Table 4.6: Comparison table of full hydrogen aircraft to SMR-LH2a by Onorato et al. [23]

Outputs SMR-LH2a Own model
full
hydrogen

∆ (%)

lfus [m] 47.5 50.8 +6.95
rfus[m] 1.99 2.00 +0.50
ltank [m] 10.8 11.8 +9.26
rtank [m] 1.86 1.82 -2.15
S [m2] 130 115 -11.5
b [m] 36.9 36 -2.44
Sh/S [−] 0.385 0.266 -30.9

mH2
[t] 5.88 6.16 +4.76

mtank [t] 1.73 2.57 +48.6
ηtank 0.773 0.706 -8.67
mfuelsys,H2 [kg] 753 763 +1.33
mfus [t] 13.7 14.1 +2.92
memp [t] 2.48 1.67 -32.7
mw [t] 10.4 9.26 -11.0
ksemidry - 1.035 -
mengines [t] 7.00 5.01 -28.4

Continued on next page
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Table 4.6 – continued from previous page
Outputs SMR-LH2a Own model

full
hydrogen

∆ (%)

mgear [t] 3.20 2.91 -9.06

W/S [kN/m2] 5.79 6.33 +9.33
T/W [−] 0.293 0.325 +10.9
L/D midcruise [−] 16.4 17.9 +9.15

CD0,vt
[counts] 10 13 +30.0

CD0,ht
[counts] 29 18 -37.9

CD0,fus
[counts] 73 92 +26.0

CD0,wing [counts] 68 60 -11.8
CD0 [counts] 234 209 -10.7

MTOW [t] 76.6 74.4 -2.87
OEW [t] 51.4 48.9 -4.86
FW [t] 5.88 6.16 +4.76

Comparing the full hydrogen concept to the SMR-LH2a, it can be seen that the estimated fuselage
length is larger, but within reasonable accuracy of 10%. This is caused by a longer hydrogen tank,
which can be related to the larger hydrogen mass required. The required wing area is found to be
lower, which can be related to the combination of a lower MTOW and a higher wing loading W/S.
Similar to the previous comparison of the full kerosene concept to the SMR-JA1, the ratio between
horizontal tailplane and wing area was found to be considerably lower for the full hydrogen concept
compared to the SMR-LH2a.

As was previously mentioned in Section 4.2.1, the tank model in this study overestimates the tank mass
compared to the model used by Onorato et al. [23] and therefore the gravimetric efficiency is lower.
Looking further at the estimated weights of components, it can be seen that the weight of the hydrogen
fuel system and the fuselage are well estimated. The empennage weight is again found to be much
lower, and can be related to the lower horizontal tailplane area. Next to that, the wing weight is found
to be lower for the full hydrogen concept compared the SMR-LH2a, which can be related to the lower
wing area. The correction factor for semi-dry wings, ksemidry, now is 1.035, which is expected for a full
hydrogen concept. The engine weight is again found to be considerable lower, even though the thrust
loading T/W was estimated to be around 10% larger.

Regarding the drag components, similar discrepancies can be found as for the full kerosene compari-
son. Again the total CD0 component is estimated reasonably accurate at around 10%.

Finally, looking at the total weight components, it can be seen that the hydrogen fuel weight is estimated
within 5% accuracy. This is also the case for the OEW, for which the lower estimate can again be related
to some lower component weight estimates. Combined, the MTOW is estimated within 3% accuracy.

Conclusions from model validation
From the comparison of the full kerosene and full hydrogen concepts to the SMR-JA1 and SMR-LH2a
from the work by Onorato et al. [23], respectively, several things can be concluded.

First of all, the estimation of the aircraft geometry was reasonably accurate for the fuselage length and
wing area. However, a large discrepancies are found in the estimation of the horizontal tailplane area.
Also, the individual drag components for the horizontal and vertical tailplanes, and the fuselage showed
large discrepancies. However, the total drag coefficient was estimated with reasonable accuracy.

Next to that, the accuracy of the estimation of component weights varied from high for the fuel systems,
to reasonable for the fuselage, wing and landing gear, to low for the empennage and engine weights.
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Finally, the fuel weight of both hydrogen and kerosene was estimated with good accuracy (within 5%).
This is also the case for the MTOW and OEW. Therefore, the aircraft design model in this study is
deemed accurate enough for the conceptual level that this study is performed at.



5
Results & Discussion

The objective of this study was to investigate the effect of implementing a dual-fuel propulsion system on
the design of an narrowbody turbofan-powered tube and wing aircraft. The design procedure previously
outlined can be used to evaluate these effects by comparing aircraft concepts with varying fuel splits
between hydrogen and kerosene. Next to that, aircraft concepts with varying TLARs in terms of range
and payload are compared to see if applying the dual-fuel propulsion concept affects the aircraft design
differently in those cases. Finally, sensitivity analyses are performed to obtain more insight in the effect
of small deviations in fuel splits and TLARs.

5.1. Comparative Analysis
In this section, the comparison between aircraft concepts based on different scenarios is presented.
The scenarios are meant to distinguish between different potential use cases of a dual-fuel aircraft.
They are described below. Furthermore, the comparison will be done for two different range require-
ments. The other TLARs are kept the same, and can be seen in Table 5.1. First of all, the range of the
Airbus A320 is used, as this aircraft is currently one of the most widely operated narrowbody turbofan-
powered aircraft. This range is 5000 km (2700 nm)1. Secondly, it was mentioned in Chapter 2 that
50% of cumulative CO2 emissions is caused by flights up to 2500 km, for a large part operated by
narrowbody aircraft like the A320. Therefore, a range of 2500 km is used to compare the scenarios as
well.

Table 5.1: Top-Level Aircraft Requirements for the Dual-Fuel Aircraft

Parameter Value Unit
Number of passengers (PAX) 150 -

Additional cargo 750 kg
Cruise altitude 11000 m

Cruise Mach number 0.78 -
Loiter time 0.5 hour

Reserve range 370 km

Baseline kerosene version
To perform a comparative analysis, the design tool is used to make a baseline version that is operating
solely on kerosene. As mentioned before in Section 4.2.4, the aircraft design tool developed in this
study is set up in such a way that a hydrogen tank is always present. Therefore, the kerosene baseline
aircraft contains a spherical hydrogen tank. This means that for the kerosene baseline aircraft, OEW
will be overestimated due to the tank weight and longer fuselage resulting in higher fuselage weight.
Next to that, a longer fuselage causes more friction drag, resulting in an overestimation of fuel weight.
Although difficult to exactly quantify, it is expected that the total error that the empty hydrogen tank
causes will be limited. It will be shown later that the empty hydrogen tank contributes to the OEW of

1https://skybrary.aero/aircraft-family/a320-family
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the kerosene baseline version only to limited extent. A side view of the kerosene baseline from the
ParaPy model is shown below in Figure 5.1.

Figure 5.1: Side view of kerosene baseline version from ParaPy model

Scenario 1: Maximise hydrogen use
The first scenario that is used in the comparative analysis is for when hydrogen is used throughout
the whole mission. This scenario is evaluated to investigate the impact of shifting from the kerosene
baseline to full hydrogen.

Scenario 2: Reserve on kerosene
The second scenario is similar to the first scenario, but in this case, kerosene is used for the reserve
phase of themission. Asmost flights are uneventful, the fuel that needs to be taken on board for reserve,
often remains unused. This scenario is evaluated to investigate how the aircraft design concept differs
when the hydrogen tank does not need to be sized for reserve fuel as well. In this study, the ‘reserve
phase’ consists of flying both the reserve range, as well as the loiter time as specified in Table 5.1. This
can also be seen in Figure 5.2, which shows the mission profile for this scenario.

Figure 5.2: Mission profile for scenario 2: reserve on kerosene

Scenario 3 & 4: 50/50 fuel use, varying priority
In scenario 3 and 4, only one fuel split is applied during the mission. This happens at 50% of the cruise
phase. For scenario 3, hydrogen will be used for the first part of the mission until the fuel split at 50%
of the cruise phase and kerosene will be used for the remainder of the mission. For scenario 4, the fuel
use is the other way around. These scenarios are evaluated to investigate if an effect can be noted
from using either one of the fuels first. As the energy density of the fuels are very different, a different
fuel weight progression could occur. Next to that, evaluating these scenarios at 5000 km reflects to
some extent the use of the aircraft concept for a 2000-2500 km return flight for which fuel is already
taken on board for both legs. Figure 5.3 and Figure 5.4 show the mission profiles that are evaluated
for scenario 3 and 4, respectively.
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Figure 5.3: Mission profile for scenario 3: 50/50, hydrogen first

Figure 5.4: Mission profile for scenario 4: 50/50, kerosene first

For all scenarios, no fuel switch is applied during the take-off, climb and approach phases, due to
potential safety implications. However, for scenario 2, where the fuel switch is applied after the missed
approach at the start of the reserve phase, an exemption is made in order to simplify the analysis.
Finally, the number of fuel switches is preferably minimised to limit the risk related to switching fuels
in-flight.

5.1.1. Scenario comparison at 5000 km range
Table 5.2 shows the results from evaluating the different scenarios for a range of 5000 km. In this
table, aircraft geometric parameters are shown, as well as performance parameters, fuel and tank
weight components and total weights. Finally, also the specific energy consumption and equivalent
CO2 emissions are shown. As described in Section 3.11, these are separated into well-to-tank (WTT)
and tank-to-wake (TTW) contributions, together forming the well-to-wake (WTW) SEC andCO2eq. The
table shows the separate contributions of hydrogen and kerosene as well as the combinations for the
mission including the reserve phase. For the tank-to-wake specific energy consumption, the specific
energy consumption is also hydrogen and kerosene combined is also shown for the mission phase
without the reserve phase. These values were obtained by subtracting the energy contained in the
amount of kerosene needed for the scenario were kerosene is used for the reserve phase from the
total energy of the whole mission, and scaling down using the ratio between the flight distance ex- and
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including the reserve phase. Although this is not entirely accurate for the scenarios where the reserve
phase is flown on hydrogen, it is expected that the energy consumed from either hydrogen kerosene
during the reserve phase is of similar order of magnitude. Next to that, the weight of this reserve fuel is
only a small part of the weight carried during the reserve phase (OEW, payload and reserve fuel) and
therefore this approximation of reserve energy is deemed accurate enough. For the equivalent CO2

emissions, only the entire mission including the reserve phase is considered.

Below the results table, Table 5.3 shows the relative differences of the parameters for each scenario
compared to the baseline kerosene version. For the parameters related to hydrogen use, there is no
relative difference compared to the kerosene baseline. Therefore, in order to get more insight into
the change of parameters across the scenarios where hydrogen is involved, the relative differences of
scenarios 2, 3 and 4 are also shown with respect to the full hydrogen case in Table 5.4.

Following the tables with results, the results from the comparative analysis will be elaborated upon per
scenario, for which also the breakdown of MTOW and OEW for each scenario at 5000 km range is
presented using pie-charts.

Table 5.2: Results from evaluating scenarios at 5000 km range

Outputs Baseline
kerosene

Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

Configuration Outputs
lfus [m] 42.2 51.0 48.6 44.8 45.4
ltank [m] 3.58 11.97 9.76 6.07 6.70
S [m2] 127.2 123.8 121.3 118.9 122.7
A [−] 10.2 10.5 10.7 10.9 10.6
Sh [m2] 28.6 33.5 30.9 24.8 27.2
Sv [m2] 23.4 18.9 19.4 20.7 21.2
Sh/S [−] 0.225 0.270 0.255 0.209 0.222

W/S [N/m2] 5307 5376 5468 5482 5320
T/W [−] 0.289 0.324 0.311 0.292 0.297
TTO [kN ] 195 251 206 190 194
L/Dmidcruise [−] 17.2 16.8 17.2 17.8 17.0
CD0

[counts] 182 201 198 189 189

mJetA [t] 16.3 0 3.37 8.77 7.65
mH2

[t] − 6.28 4.96 2.70 3.13
mtank [t] 0.527 2.61 2.10 1.22 1.39
ηtank − 0.708 0.706 0.688 0.693

MTOW [t] 68.9 67.8 67.6 66.4 66.6
OEW [t] 37.6 46.6 44.3 40.0 40.8
FW [t]2 16.3 6.28 8.34 11.5 10.8

Performance output: SEC [MJ/PAX/km] of mission including reserve phase

TTWH2+JetA
3 of

mission only, without
reserve phase

0.741 0.807 0.790 0.739 0.745

TTWH2+JetA 0.773 0.828 0.814 0.771 0.776

TTWH2
− 0.828 0.654 0.355 0.413

Continued on next page

2FW is the sum of mJetA and mH2
. Results may slightly differ due to rounding.

3Reserve energy is approximated for all scenarios using mJetA from the ‘Reserve on kerosene’-scenario at 5000 km range
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Table 5.2 – continued from previous page
Outputs Baseline

kerosene
Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

TTWJetA 0.773 − 0.160 0.416 0.363

WTTH2,2025 − 0.517 0.409 0.222 0.258
WTTH2,2035 − 0.480 0.379 0.206 0.239
WTTH2,2050 − 0.474 0.375 0.204 0.237

WTWH2+JetA,2025 0.773 1.35 1.22 0.993 1.034
WTWH2+JetA,2035 0.773 1.31 1.19 0.977 1.015
WTWH2+JetA,2050 0.773 1.30 1.19 0.975 1.012

Performance output: CO2eq [g/PAX/km] of mission including reserve phase

TTWH2+JetA,2025 81.9 95.2 92.2 85.0 86.0
TTWH2+JetA,2035 81.9 75.4 76.5 76.4 76.1
TTWH2+JetA,2050 81.9 46.5 53.7 64.0 61.7
TTWH2,2025 − 95.2 75.2 40.9 47.5
TTWH2,2035 − 75.4 59.5 32.3 37.6
TTWH2,2050 − 46.5 36.7 19.9 23.2
TTWJetA 81.9 − 17.0 44.1 38.5

WTTH2,2025 − 59.5 47.0 25.5 29.7
WTTH2,2035 − 43.6 34.5 18.7 21.8
WTTH2,2050 − 26.6 21.0 11.4 13.3

WTWH2+JetA,2025 81.9 155 139 111 116
WTWH2+JetA,2035 81.9 119 111 95.2 97.8
WTWH2+JetA,2050 81.9 73.1 74.7 75.5 74.9

Table 5.3: Relative difference of parameters from different scenarios compared to full kerosene baseline for
5000 km

Outputs Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ (%) ∆ (%) ∆ (%) ∆ (%)

Configuration Outputs
lfus (%) +21 +15 +6 +8
ltank (%) +235 +173 +70 +87
S (%) -3 -5 -7 -4
A (%) +3 +5 +7 +4
Sh (%) +17 +8 -13 -5
Sv (%) -19 -17 -12 -10
Sh/S (%) +20 +13 -7 -2

W/S (%) +1 +3 +3 0
T/W (%) +12 +7 +1 +3
TTO (%) +10 +5 -3 -1
L/Dmidcruise (%) -2 0 +4 -1
CD0

(%) +10 +8 +4 +4

mJetA (%) − -79 -46 -53

Continued on next page
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Table 5.3 – continued from previous page
Outputs Full

Hydrogen
Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ % ∆ % ∆ % ∆ %

mH2
(%) − − − −

mtank (%) +396 +299 +132 +163
ηtank (%) − − − −
MTOW (%) -1 -2 -4 -3
OEW (%) +24 +18 +6 +9
FW (%) -61 -49 -30 -34

Performance output: SEC (%) of mission including reserve phase

TTWH2+JetA (%) of
mission only, without
reserve phase

+9 +7 0 +1

TTWH2+JetA (%) +7 +5 0 0

TTWH2 (%) − − − −
TTWJetA (%) − -79 -46 -53

WTTH2,2025 (%) − − − −
WTTH2,2035 (%) − − − −
WTTH2,2050 (%) − − − −
WTWH2+JetA,2025 (%) +74 +58 +29 +34
WTWH2+JetA,2035 (%) +69 +54 +26 +31
WTWH2+JetA,2050 (%) +69 +54 +26 +31

Performance output: CO2eq (%) of mission including reserve phase

TTWH2+JetA,2025 (%) +16 +13 +4 +5
TTWH2+JetA,2035 (%) -8 -7 -7 -7
TTWH2+JetA,2050 (%) -43 -34 -22 -25

TTWH2,2025 (%) − − − −
TTWH2,2035 (%) − − − −
TTWH2,2050 (%) − − − −
TTWJetA (%) − -79 -46 -53

WTTH2,2025 (%) − − − −
WTTH2,2035 (%) − − − −
WTTH2,2050 (%) − − − −
WTWH2+JetA,2025 (%) +89 +70 +35 +41
WTWH2+JetA,2035 (%) +45 +36 +16 +19
WTWH2+JetA,2050 (%) -11 -9 -8 -9

Comparing the different scenarios to the kerosene baseline, several observations can be made. First
of all, a large increase in fuselage length is noted for the first two scenarios in which all or most of the
mission is flown on hydrogen. This is caused by a large increase in hydrogen weight and therefore of
tank length. For the 50/50 scenarios, the fuselage length increase is limited.

Next to that, the total fuel weight shows a large decrease, as the increase in hydrogen weight is ac-
companied by a large reduction in kerosene weight. When flying the reserve part of the mission on
kerosene, the kerosene weight is decreased by almost 80%, whereas for the 50/50 scenarios, around
half of the kerosene weight is reduced. However, the increase in hydrogen weight causes the OEW to
increase significantly due to the increasing weight of the hydrogen tank and the fuselage. As a result,
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MTOW shows a slight decrease with increasing hydrogen use, but stays almost the same.

As mentioned before, the two 50/50 scenarios were evaluated to investigate if a fuel weight advantage
would be gained if the heavier kerosene would be used first. Comparing the combined fuel weight, a
decrease is indeed observed for the kerosene first case. However, the increase in OEW caused by the
increase in hydrogen tank weight results in the MTOW to be slightly larger when kerosene is used first
than when hydrogen is used first.

Regarding the specific energy consumption, it can be noted that the TTW combined contribution of
hydrogen and kerosene of the 50/50 scenarios stays almost the same compared to the kerosene base-
line. For the full hydrogen and reserve on kerosene scenarios the TTW specific energy consumption
increases compared to full kerosene, but by a smaller amount than the 50/50 scenarios.

It can also be observed that increasing hydrogen causes the WTW specific energy consumption to
increase significantly. Next to the increase in TTW energy consumption, this can be mainly attributed
to the fact that the WTT energy consumption of hydrogen is large.

Following the WTW SEC increase, it can also be observed that the equivalent WTW CO2 emissions
increase significantly with increasing hydrogen use for the years 2025 and 2035 compared to the
kerosene baseline version. As was described in Section 3.11, the equivalent CO2 emissions of hy-
drogen is related to the carbon intensity of the grid electricity the hydrogen is produced with. For 2025
and 2035, this carbon intensity is such that the combination of the WTT and TTW equivalent CO2

emissions exceed the WTW emissions for the kerosene baseline. Only for the year 2050, this carbon
intensity has reduced enough such that the WTW emissions of the aircraft concepts (partially) on hydro-
gen are lower than the kerosene baseline. Table 5.4 below shows the relative difference of the second,
third and fourth scenarios compared to the full hydrogen concept.

Table 5.4: Relative difference of parameters from different scenarios compared to full hydrogen for 5000 km

Outputs Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ (%) ∆ (%) ∆ (%)

Configuration Outputs
lfus (%) -5 -12 -11
ltank (%) -18 -49 -44
S (%) -2 -4 -1
A (%) +2 +4 +1
Sh (%) -8 -26 -19
Sv (%) +3 +9 +12
Sh/S (%) -6 -23 -18

W/S (%) +2 +2 -1
T/W (%) -4 -10 -8
TTO (%) -4 -12 -10
L/Dmidcruise (%) +2 +6 +1
CD0

(%) -2 -6 -6

mJetA (%) − − −
mH2

(%) -21 -57 -50
mtank (%) -20 -53 -47
ηtank (%) 0 -3 -2

MTOW (%) 0 -2 -2
OEW (%) -5 -14 -12

Continued on next page
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Table 5.4 – continued from previous page
Outputs Reserve on

kerosene
50/50,
hydrogen
first

50/50,
kerosene
first

∆ % ∆ % ∆ %

FW (%) +33 +82 +72

Performance output: SEC (%) of mission including reserve phase

TTWH2+JetA (%) of
mission only, without
reserve phase

-2 -8 -8

TTWH2+JetA (%) -2 -7 -6

TTWH2
(%) -21 -57 -50

TTWJetA (%) − − −
WTTH2,2025 (%) -21 -57 -50
WTTH2,2035 (%) -21 -57 -50
WTTH2,2050 (%) -21 -57 -50

WTWH2+JetA,2025 (%) -9 -26 -23
WTWH2+JetA,2035 (%) -9 -25 -22
WTWH2+JetA,2050 (%) -9 -25 -22
Performance output: CO2eq (%) of mission including reserve phase

TTWH2+JetA,2025 (%) -3 -11 -10
TTWH2+JetA,2035 (%) +2 +1 +1
TTWH2+JetA,2050 (%) +15 +38 +33

TTWH2,2025 (%) -21 -57 -50
TTWH2,2035 (%) -21 -57 -50
TTWH2,2050 (%) -21 -57 -50
TTWJetA (%) − − −
WTTH2,2025 (%) -21 -57 -50
WTTH2,2035 (%) -21 -57 -50
WTTH2,2050 (%) -21 -57 -50

WTWH2+JetA,2025 (%) -10 -29 -25
WTWH2+JetA,2035 (%) -7 -20 -18
WTWH2+JetA,2050 (%) +2 +3 +3

Comparing the scenarios partially flown on hydrogen to the full hydrogen case, it can be observed that
the hydrogen weight is reduced significantly, thereby also reducing the tank length and the length of
the fuselage.

It can also be observed that the reduced use of hydrogen causes reductions in specific energy con-
sumption for all three years, and equivalent CO2 emissions for 2025 and 2035. The similarities among
the reductions in SEC andWTT and TTW CO2eq is caused by only small improvements in the efficiency
of hydrogen electrolysis and energy required for hydrogen liquefaction from 2025 to 2035 and 2050, as
was shown in Table 3.4. In Section 5.1.2 below, weight breakdowns of the kerosene baseline and the
aircraft concepts for each scenario at 5000 km range are presented.
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5.1.2. Scenarios weight breakdown: 5000 km
In the pie-charts below, the breakdown of MTOW and OEW is shown for the kerosene baseline and
each scenario.

Weight breakdown kerosene baseline
For the kerosene baseline, the MTOW breakdown in Figure 5.5 shows that little over half of MTOW is
dedicated to OEW, whereas payload and Jet-A1 split the remainder fairly equally, with Jet-A1 taking
up a bit more of the weight. Regarding the OEW breakdown in Figure 5.6, it can be seen that the
fuselage takes up little over a quarter of the OEW and the wings account for 20% of the OEW. The
empty hydrogen tank only accounts for 1.4% of the OEW, so the presence of this empty tank in the
kerosene baseline is not affecting the weight much.

Figure 5.5: MTOW breakdown kerosene baseline at 5000
km range

Figure 5.6: OEW breakdown kerosene baseline at 5000 km
range
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Scenario 1: Full hydrogen
As was mentioned before, the OEW increases significantly for increasing hydrogen use, whereas the
fuel weight decreases drastically. This is reflected by the MTOW breakdown of full hydrogen in Fig-
ure 5.7 below. The OEW now takes up almost 70% of the MTOW, whereas the fuel weight (hydrogen)
takes up only little less than 10%. The increase in OEW can be largely attributed to the increase in
fuselage weight and hydrogen tank weight, as can be seen in Figure 5.8.

Figure 5.7: MTOW breakdown full hydrogen at 5000 km
range Figure 5.8: OEW breakdown full hydrogen at 5000 km range

Scenario 2: Reserve on kerosene
For the aircraft concept where the reserve is flown on kerosene, Figure 5.9 shows the OEW still takes
up a large part of the MTOW. However, compared to full hydrogen, it is decreased slightly due to the
increase in total fuel weight. As shown in Figure 5.10, the contribution of the fuselage and hydrogen
tank weight is also reduced slightly compared to the full hydrogen scenario.

Figure 5.9: MTOW breakdown reserve on kerosene at 5000
km range

Figure 5.10: OEW breakdown reserve on kerosene at 5000
km range
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Scenario 3: 50/50 cruise hydrogen first
For the 50/50 scenario where hydrogen is used first, the kerosene weight is larger than for scenario
2, causing a further decrease in the contribution of the OEW to the MTOW, as can be observed in
Figure 5.11. Also, the contribution of the hydrogen weight is lower compared to scenario 2. This
results in a lower hydrogen tank weight, and with that a lower fuselage weight contribution to the OEW,
as can be seen in Figure 5.22.

Figure 5.11: MTOW breakdown 50/50 fuel split cruise,
hydrogen first at 5000 km range

Figure 5.12: OEW breakdown 50/50 fuel split cruise,
hydrogen first at 5000 km range

Scenario 4: 50/50 cruise kerosene first
For the 50/50 scenario where kerosene is used first, Figure 5.13 shows a very similar MTOWbreakdown
compared to scenario 3. The hydrogen weight contribution is increased slightly, causing an increase
in OEW due to a slightly larger hydrogen tank and fuselage weight contribution to the OEW, as seen in
Figure 5.14.

Figure 5.13: MTOW breakdown 50/50 fuel split cruise,
kerosene first at 5000 km range

Figure 5.14: OEW breakdown 50/50 fuel split cruise,
kerosene first at 5000 km range
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5.1.3. Scenario comparison at 2500 km range
Similar to the comparative analysis at 5000 km range, Table 5.5 presents the outcomes of the scenarios
at a range of 2500 km, Table 5.6 shows the relative differences of the parameters compared to the
kerosene baseline at this reduced range, and Table 5.7 shows the relative differences of scenarios 2,
3 and 4 with respect to full hydrogen. Subsequently, observations for each scenario at this reduces
range will be made, including the the breakdown of MTOW and OEW for each scenario.

Table 5.5: Results from evaluating scenarios at 2500 km range

Outputs Baseline
kerosene

Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

Configuration Outputs
lfus [m] 42.2 46.4 44.5 42.8 43.6
ltank [m] 3.58 7.67 5.85 4.19 4.99
S [m2] 128.0 124.2 124.6 124.4 124.2
A [−] 10.1 10.4 10.4 10.4 10.4
Sh [m2] 29.2 29.4 26.4 27.6 26.9
Sv [m2] 23.8 21.0 22.0 23.0 22.5
Sh/S [−] 0.228 0.237 0.212 0.222 0.216

W/S [N/m2] 4725 4725 4725 4725 4725
T/W [−] 0.294 0.335 0.322 0.311 0.317
TTO [kN ] 178 197 189 183 186
L/Dmidcruise [−] 16.9 16.7 17.0 17.1 16.8
CD0 [counts] 181 191 185 184 185
mJetA [t] 10.1 − 3.17 5.70 4.34
mH2 [t] − 3.72 2.57 1.55 2.06
mtank [t] 0.527 1.61 1.17 0.779 0.975
ηtank − 0.697 0.687 0.666 0.679

MTOW [t] 61.7 59.8 60.0 59.9 59.8
OEW [t] 36.6 41.1 39.3 37.7 38.4
FW [t]4 10.1 3.72 5.74 7.25 6.40

Performance output: SEC [MJ/PAX/km] of mission including reserve phase

TTWH2+JetA
5 of

mission only, without
reserve phase

0.793 0.816 0.815 0.782 0.787

TTWH2+JetA 0.816 0.833 0.832 0.808 0.812

TTWH2
− 0.833 0.576 0.348 0.462

TTWJetA 0.816 − 0.256 0.460 0.350

WTTH2,2025 − 0.520 0.360 0.218 0.289
WTTH2,2035 − 0.483 0.334 0.202 0.268
WTTH2,2050 − 0.477 0.330 1.99 0.265

WTWH2+JetA,2025 0.816 1.35 1.19 1.03 1.10
WTWH2+JetA,2035 0.816 1.32 1.16 1.01 1.08
WTWH2+JetA,2050 0.816 1.31 1.16 1.01 1.08

Performance output: CO2eq [g/PAX/km] of mission including reserve phase

TTWH2+JetA,2025 86.5 95.8 93.3 88.9 90.3

Continued on next page
4FW is the sum of mJetA and mH2

. Results may slightly differ due to rounding.
5Reserve energy is approximated for all scenarios using mJetA from the ‘Reserve on kerosene’-scenario at 2500 km range
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Table 5.5 – continued from previous page
Outputs Baseline

kerosene
Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

TTWH2+JetA,2035 86.5 75.8 79.5 80.5 79.2
TTWH2+JetA,2050 86.5 46.7 59.4 68.3 63.0

TTWH2,2025 − 95.8 66.2 40.1 53.2
TTWH2,2035 − 75.8 52.4 31.7 42.1
TTWH2,2050 − 46.7 32.3 19.5 25.9
TTWJetA 86.5 − 27.1 48.8 37.1

WTTH2,2025 − 59.8 41.4 25.0 33.2
WTTH2,2035 − 43.9 30.4 18.4 24.4
WTTH2,2050 − 26.8 18.5 11.2 14.9

WTWH2+JetA,2025 86.5 156 135 114 124
WTWH2+JetA,2035 86.5 120 110 98.8 104
WTWH2+JetA,2050 86.5 73.5 77.9 79.5 77.9

Table 5.6: Relative difference of parameters from different scenarios compared to kerosene baseline for 2500 km

Outputs Full
Hydrogen

Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ ∆ ∆ ∆

Configuration Outputs
lfus (%) +10 +6 +1 +3
ltank (%) +115 +64 +17 +40
S (%) -3 -3 -3 -3
A (%) +3 +3 +3 +3
Sh (%) +1 -10 -6 -8
Sv (%) -11 -7 -3 -5
Sh/S (%) +4 -7 -3 -5

W/S (%) 0 0 0 0
T/W (%) +14 +10 +6 +8
TTO (%) +11 +7 +3 +5
L/Dmidcruise (%) -1 +1 +2 0
CD0

(%) +5 +3 +2 +2

mJetA (%) − -69 -44 -57
mH2

(%) − − − −
mtank (%) +206 +122 +48 +85
ηtank (%) − − − −
MTOW (%) -3 -3 -3 -3
OEW (%) +12 +8 +3 +5
FW (%) -63 -43 -28 -37

Performance output: SEC (%) of mission including reserve phase

TTWH2+JetA (%) of
mission only, without
reserve phase

+3 +3 -1 -1

Continued on next page
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Table 5.6 – continued from previous page
Outputs Full

Hydrogen
Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ % ∆ % ∆ % ∆ %

TTWH2+JetA (%) +2 +2 -1 0

TTWH2
(%) − − − −

TTWJetA (%) − -69 -44 -57

WTTH2,2025 (%) − − − −
WTTH2,2035 (%) − − − −
WTTH2,2050 (%) − − − −
WTWH2+JetA,2025 (%) +66 +46 +26 +35
WTWH2+JetA,2035 (%) +61 +43 +24 +32
WTWH2+JetA,2050 (%) +61 +42 +24 +32

Performance output: CO2eq (%) of mission including reserve phase
TTWH2+JetA,2025 (%) +11 +8 +3 +4
TTWH2+JetA,2035 (%) -12 -8 -7 -8
TTWH2+JetA,2050 (%) -46 -31 -21 -27

TTWH2,2025 (%) − − − −
TTWH2,2035 (%) − − − −
TTWH2,2050 (%) − − − −
TTWJetA (%) − -69 -44 -57

WTTH2,2025 (%) − − − −
WTTH2,2035 (%) − − − −
WTTH2,2050 (%) − − − −
WTWH2+JetA,2025 (%) +80 +56 +32 +43
WTWH2+JetA,2035 (%) +38 +27 +14 +20
WTWH2+JetA,2050 (%) -15 -10 -8 -10

Comparing the outcomes of the scenarios at 2500 km to the kerosene baseline, the results show similar
trends to the comparison at 5000 km in terms of the increase and decrease of parameters, however,
the amount of increase or decrease shows some differences. For the fuselage length, the increase
in length for full hydrogen is around half of the increase in fuselage length at 5000 km. However, for
the other scenarios, with reduced hydrogen use, the increase in fuselage length is less at 2500 km
range than at 5000 km range. This can explained by the fact that the parts flown on hydrogen take up
a smaller part of entire mission at reduced range. Similar behaviour is noticed for the increase in OEW
with increasing hydrogen weight. The reduction in total fuel weight for 2500 km is similar compared to
5000 km. Regarding the 50/50 scenarios, also at 2500 km a decrease in combined fuel weight and an
increase in OEW can be seen for the 50/50 scenario when kerosene is used first. However, the com-
bination of these effects cause MTOW to decrease by a small amount for the kerosene first scenario
as well, which was not the case at 5000 km.

As the energy consumption and CO2 are expressed per passenger-kilometre, these parameters show
large similarities for 2500 km compared to 5000 km. This means that also the increase of the specific
fuel consumption and equivalent CO2 emissions are similar to 5000 km, such that a reduction in WTW
emissions is also only observed for the year 2050.
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Table 5.7: Relative difference of parameters from different scenarios compared to full hydrogen for 2500 km

Outputs Reserve on
kerosene

50/50,
hydrogen
first

50/50,
kerosene
first

∆ % ∆ % ∆ %

Configuration Outputs
lfus (%) -4 -8 -6
ltank (%) -24 -45 -35
S (%) 0 0 0
A (%) 0 0 0
Sh (%) -10 -6 -9
Sv (%) +5 +9 +7
Sh/S (%) -11 -6 -9
W/S (%) 0 0 0
T/W (%) -4 -7 -5
TTO (%) -4 -7 -5
L/Dmidcruise (%) +2 +2 0
CD0

(%) -3 -4 -3

mJetA (%) − − −
mH2

(%) -31 -58 -45
mtank (%) -27 -52 -40
ηtank (%) -1 -4 -3

MTOW (%) 0 0 0
OEW (%) -4 -8 -6
FW (%) +54 +95 +72
Performance output: SEC (%) of mission including reserve phase

TTWH2+JetA (%) of
mission only, without
reserve phase

0 -4 -4

TTWH2+JetA (%) 0 -3 -3
TTWH2

(%) -31 -58 -45
TTWJetA (%) − − −
WTTH2,2025 (%) -31 -58 -45
WTTH2,2035 (%) -31 -58 -45
WTTH2,2050 (%) -31 -58 -45

WTWH2+JetA,2025 (%) -12 -24 -19
WTWH2+JetA,2035 (%) -11 -23 -18
WTWH2+JetA,2050 (%) -11 -23 -18

Performance output: CO2eq (%) of mission including reserve phase

TTWH2+JetA,2025 (%) -3 -7 -6
TTWH2+JetA,2035 (%) +5 +6 +5
TTWH2+JetA,2050 (%) +27 +46 +35

TTWH2,2025 (%) -31 -58 -45
TTWH2,2035 (%) -31 -58 -45
TTWH2,2050 (%) -31 -58 -45
TTWJetA (%) − − −
WTTH2,2025 (%) -31 -58 -45

Continued on next page
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Table 5.7 – continued from previous page
Outputs Reserve on

kerosene
50/50,
hydrogen
first

50/50,
kerosene
first

∆ % ∆ % ∆ %

WTTH2,2035 (%) -31 -58 -45
WTTH2,2050 (%) -31 -58 -45

WTWH2+JetA,2025 (%) -13 -27 -21
WTWH2+JetA,2035 (%) -8 -17 -13
WTWH2+JetA,2050 (%) +6 +8 +6

Comparing the relative difference of scenarios 2, 3 and 4 with respect to the full hydrogen concept at
2500 km, similar trends can be observed as for this comparison at 5000 km. However, there are still
some differences worth noting.

First of all, the decrease in fuselage length for decreasing hydrogen use is smaller than for 5000 km.
This is also the case for the decrease in OEW. Regarding the fuel weight, a 10% larger decrease in
hydrogen weight is observed for the reserve on kerosene scenario at 2500 km than at 5000 km. This
is due to the fact that the nominal cruise part is now shorter, whereas the reserve part remained the
same. Due to the same reason, the increase in total fuel weight is larger for the reserve on kerosene
and 50/50 hydrogen first scenarios at 2500 km compared to 5000 km. For the 50/50 kerosene first
scenario, the decrease in hydrogen weight is less at 2500 km, as the reserve part of equal length is
now flown on hydrogen.

The larger decrease in hydrogen weight at 2500 km for the reserve on kerosene scenario also results
in a larger decrease of the specific energy consumption and equivalent WTT and TTW CO2 emissions,
as well as the equivalent WTW CO2 emissions for 2025 and 2035. In Section 5.1.4 below, the weight
breakdowns of the kerosene baseline and aircraft concepts for each scenario at 2500 km range are
presented.

5.1.4. Scenarios weight breakdown: 2500 km
The pie-charts below show the breakdown of the MTOW and OEW for the kerosene baseline aircraft
and each scenario for the range of 2500 km.

Weight breakdown kerosene baseline
At 2500 km, the OEW contributes for almost 60% to the MTOW of the kerosene baseline concept. This
is a slight increase compared to the kerosene baseline at 5000 km. This is mainly due to the fact that
the kerosene contributes less to the MTOW at this reduced range, as can be seen in Figure 5.15. The
OEW breakdown of the kerosene baseline in Figure 5.16 shows large similarities with the one at 5000
km, meaning that the fuselage takes up little over a quarter of the OEW and the wing close to a fifth.
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Figure 5.15: MTOW breakdown kerosene baseline at 2500
km range

Figure 5.16: OEW breakdown kerosene baseline at 2500
km range

Scenario 1: Full hydrogen
For the full hydrogen scenario, the expected increase in OEW as part of the MTOW is visible in the
MTOW breakdown in Figure 5.17. The contribution of OEW to the MTOW is pretty much similar for this
scenario at 2500 km range as it was at 5000 km. However, the contribution of the hydrogen weight is
about a third lower at this reduced range. As can be seen in Figure 5.18, this lower hydrogen weight
increase is also reflected in a smaller contribution of the hydrogen tank to the OEW. Also the fuselage
weight contributes less to OEW at 2500 km than at 5000 km range.

Figure 5.17: MTOW breakdown full hydrogen at 2500 km
range

Figure 5.18: OEW breakdown kerosene baseline at 2500
km range

Scenario 2: Reserve on kerosene
For the scenario where the reserve phase is flown on kerosene, it can be seen in Figure 5.19 that
the OEW contributes less to the MTOW compared to the full hydrogen scenario. For scenario 2, the
contribution of OEW is equal at 2500 km and 5000 km range. The contribution of the kerosene weight
is also very similar. At the reduced range, it can again be noted that the contribution of the hydrogen



5.1. Comparative Analysis 68

weight reduces. This also results in the hydrogen tank to contribute less to the OEW at 2500 km, as
shown by Figure 5.20. The same goes for the fuselage weight.

Figure 5.19: MTOW breakdown reserve at 2500 km range Figure 5.20: OEW breakdown reserve on kerosene at 5000
km range

Scenario 3: 50/50 cruise hydrogen first
For the 50/50 scenario where hydrogen is used first, Figure 5.21 shows that both the contribution
of hydrogen and kerosene weight to the MTOW is reduced compared to this scenario at 5000 km,
and therefore the OEW contributing more. Figure 5.22 shows a slight decrease in hydrogen tank
and fuselage contribution compared to scenario 2 at 2500 km and also scenario 3 at 5000 km. The
contribution of the wing is increased slightly for both of these cases.

Figure 5.21: MTOW breakdown 50/50 fuel split cruise,
hydrogen first at 2500 km range

Figure 5.22: OEW breakdown 50/50 fuel split cruise,
hydrogen first at 2500 km range

Scenario 4: 50/50 cruise kerosene first
Finally, for the 50/50 scenario where kerosene is used first, Figure 5.23 shows that the contribution of
hydrogen weight to MTOW is increased compared to scenario 3 at this range, whereas the contribution
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of kerosene is reduced. The increase in hydrogen weight causes the hydrogen tank and fuselage to
take up a larger part of the OEW at this range, as seen in Figure 5.24. However, at 2500 km range,
the contributions of the fuel weights are smaller than at 5000 km range for this scenario. Therefore,
also the contributions of hydrogen tank and fuselage weight to the OEW are smaller at 2500 km than
at 5000 km.

Figure 5.23: MTOW breakdown 50/50 fuel split cruise,
kerosene first at 2500 km range

Figure 5.24: OEW breakdown 50/50 fuel split cruise,
kerosene first at 2500 km range

5.1.5. General observations from the comparative analysis
After having analysed the outcomes of the scenarios and the weight breakdowns at both 5000 and
2500 km range, some general observations can be made.

First of all, the increase in hydrogen use causes an increase in fuselage length compared to the
kerosene baseline. At 5000 km, this increase is significant, whereas the effect is less pronounced
at 2500 km range. Employing partial instead of full use of hydrogen during the mission, the effect of the
fuselage length increase is damped. At 2500 km range, this effect is more pronounced than at 5000
km range.

Secondly, the increase in hydrogen weight causes the total fuel weight to reduce significantly. However,
the accompanying increase in hydrogen tank mass and fuselage mass result in the OEW to increase
significantly. The result is that the MTOW shows a slight decrease with increasing hydrogen weight.
The more damped effect of hydrogen weight and fuselage length increase at 2500 km compared to
5000 km, also results in the OEW increase to be less pronounced for the reduced range.

Finally, the increase in hydrogen weight causes the well-to-wake specific energy consumption to in-
crease significantly. This is largely contributed to by the energy required to produce hydrogen (well-to-
tank). This also causes the well-to-wake equivalent CO2 emissions to increase significantly compared
to the kerosene baseline for the years 2025 and 2035, in which the carbon intensity of the hydrogen
production is still high. Therefore, for these years, reducing the amount of hydrogen by flying a dual-
fuel mission results in the well-to-wake specific energy consumption and equivalent CO2 emissions to
be decreased compared to the use of only hydrogen. For the year 2050, the projected reduction in the
equivalent CO2 emissions of hydrogen production results in a decrease in well-to-wake emissions com-
pared to the kerosene baseline. Therefore, also employing the dual-fuel use is less favourable from an
emissions point of view at that point in the future, as the use of kerosene now negatively impacts the
equivalent CO2 emissions.
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5.2. Sensitivity Analysis
Next to a comparative analysis, sensitivity analyses are done to get more insight in the effect of chang-
ing parameters on the aircraft design. First of all, Section 5.2.1 will look into varying the fuel split
during the cruise phase. Section 5.2.2 will present a sensitivity analysis into varying payload and range
requirements.

5.2.1. Varying fuel split during cruise
To get a better understanding of the effect of varying the amount of hydrogen during the mission, a
sensitivity study is performed in which the fuel split during the cruise phase is varied. The variation in
fuel split is done from a fuel split for the cruise phase from 0 (100% kerosene) to 1 (100% hydrogen)
with 10% increments. Furthermore, the flight phases until cruise are flown on hydrogen, whereas the
descend and reserve phases after the cruise phase are flown on kerosene. To visually clarify this,
Figure 5.25 and Figure 5.26 show the mission profiles at the start and end of this sensitivity analysis,
respectively.

As in the comparative analysis, this cruise fuel split sensitivity analysis is done for a flight range of 5000
km and 2500 km.

Figure 5.25: Mission profile for fuel split cruise phase equal to 0

Figure 5.26: Mission profile for fuel split cruise phase equal to 1
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Weight change at 5000 km range
Figure 5.27 shows the change of aircraft weight components with increasing fuel split in the cruise
phase. Below that, Figure 5.28 shows change in OEW in relation to the change in fuselage, wing and
hydrogen tank weight.

From these figures, it can be observed that the MTOW does not change much with increasing hydro-
gen use. This results from a combination of an increase in OEW with hydrogen weight increase, but a
reduction in fuel weight that is mainly driven by a reduction in kerosene weight.

Looking at the progression of OEW, it can be seen that the increase in OEW is mainly contributed to
by a increase in hydrogen tank and fuselage weight.

Figure 5.27: Change of weight components for increasing cruise fuel split at 5000 km range

Figure 5.28: Breakdown OEW components for increasing cruise fuel split at 5000 km range
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Aircraft geometry change at 5000 km range
The change in weight is mainly driven by a change in aircraft geometry. Figure 5.29 shows the change
in fuselage and hydrogen tank length for increasing cruise fuel split at 5000 km range. Next to that,
Figure 5.30 shows the change in wing and tail area at this range.

From the figures it can be seen that the fuselage and hydrogen tank follow a similar trend with increasing
fuel split. From a fuel split of 0.2 onwards, it can be observed that the length of the fuselage and the
hydrogen tank increases in linear fashion with increasing fuel split. This is in line with the increase
of hydrogen weight discussed before. However, from a fuel split 0 to 0.1, the fuselage length remains
almost constant. This can be explained by the fact that at fuel split 0, the spherical tank that was already
in the aircraft suffices and is filled only to around three-quarters, such that at fuel split 0.1 the increase
in tank length and thereby fuselage length is limited compared to later fuel splits. Regarding the wing
area, it is noticed in Figure 5.30 that this remains almost constant with increasing fuel split, whereas the
horizontal tailplane initially decreases with increasing fuel split, but starts increasing after a fuel split of
0.4.

Figure 5.29: Change in fuselage and hydrogen tank length
for increasing cruise fuel split at 5000 km range

Figure 5.30: Wing and horizontal tailplane area for
increasing cruise fuel split at 5000 km range

Lift-to-drag ratio change at 5000 km range
The change in wing and horizontal tail area, as well as the fuselage length, relates closely to the
aerodynamic efficiency of the aircraft. Figure 5.31 shows the change in lift-to-drag ratio for increasing
fuel split at 5000 km range. From this figure it can be seen that the L/D-ratio initially increases with
increasing hydrogen weight until a cruise fuel split of 0.4. After this, the L/D ratio reduces due to the
combination of the increase in horizontal tailplane area and fuselage length and thereby increasing
drag.

Figure 5.31: Change in lift-to-drag ratio for increasing cruise fuel split at 5000 km range
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Energy & emissions at 5000 km
Changing fuel weight affects the energy consumption of the aircraft and the emissions produced by it.
As explained in Section 3.11, the energy and emissions are evaluated at three moments in time, 2025,
2035 and 2050, based on projections of a decarbonising global electricity grid and efficiency gains
in hydrogen electrolysis and energy required for hydrogen liquefaction. Figure 5.32 and Figure 5.33
show the change in specific energy consumption and equivalent CO2 emissions with increasing fuel
split, respectively. Similar to the results presented in the comparative analysis, SEC and CO2eq are
split into the WTT and TTW contributions. Both graphs also contain lines showing CO2eq and SEC
for the kerosene baseline and full hydrogen aircraft concepts as mentioned in Section 5.1, such that a
comparison can be made between these single-fuel and dual-fuel concepts.

Figure 5.32: Change in specific energy consumption for increasing cruise fuel split at 5000 km range

In Figure 5.32 above, it can be seen that the total specific energy consumption increases with increasing
hydrogen use for all timepaths. This can be attributed to the large WTT and TTW energy consump-
tion of hydrogen, which increases more than the reduction in energy consumption from reducing the
kerosene use. Even though the energy consumption of the kerosene baseline is exceeded, the energy
consumption is still lower than the full hydrogen concepts.
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Figure 5.33: Change of equivalent CO2 emissions for increasing cruise fuel split at 5000 km range

Figure 5.33 above shows that the total equivalent CO2 emissions increase with increasing hydrogen
use for the years 2025 and 2035, even though the emissions from kerosene reduce. However, what
can be noted is that combining hydrogen and kerosene results in lower equivalent CO2 emissions than
the full hydrogen concepts for 2025 and 2035. Only for the year 2050, the carbon intensity of hydrogen
production is low enough to cause a decrease in total equivalent CO2 emissions. At a fuel split of
1.0, meaning the mission is comparable to the ‘reserve on kerosene’ mission, except for the descend
phase, as presented in Section 5.1, the total WTW equivalent CO2 emissions are almost equal to the
full hydrogen case.

Below, the graphs resulting from the sensitivity analysis of varying the fuel split in the cruise phase are
shown for a range of 2500 km.
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Weight change at 2500 km range
Figure 5.34 below shows a similar decrease in MTOW with increasing hydrogen weight as compared
to 5000 km. The increase in hydrogen weight and the decrease in kerosene weight are also less steep
for 2500 km compared to 5000 km. Next to that, it can also be noticed that the OEW increases less
with increasing hydrogen weight. This smaller increase is caused by the hydrogen tank and fuselage
weight increase to be less, as can be seen in Figure 5.35.

Figure 5.34: Change of weight components for increasing cruise fuel split at 2500 km range

Figure 5.35: Breakdown OEW components for increasing cruise fuel split at 2500 km range
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Aircraft geometry change at 2500 km range
Looking at Figure 5.36 below, it can be seen that the length of the fuselage and hydrogen tank increases
with increasing hydrogen use. However, the increase in length is less steep compared to 5000 km.

The progression of the wing area in Figure 5.37 shows an initial small decrease with increasing fuel
split, after which it remains (almost) constant, similar to what could be observed at 5000 km. What is
different to 5000 km, is that the horizontal tailplane area keeps on decreasing with increasing fuel split
at 2500 km range.

Figure 5.36: Change in fuselage and hydrogen tank length
for increasing cruise fuel split at 2500 km range

Figure 5.37: Wing and horizontal tailplane area for
increasing cruise fuel split at 2500 km range

Lift-to-drag ratio change at 2500 km range
The progression of the lift-to-drag ratio at 2500 km, as seen below in Figure 5.38, shows similar be-
haviour as for 5000 km, meaning an initial increase until about a fuel split of 0.5. However, the magni-
tude of the change is smaller for 2500 km range when compared to 5000 km.

Figure 5.38: Change in lift-to-drag ratio for increasing cruise fuel split at 2500 km range
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Energy & emissions at 2500 km
Figure 5.39 below shows a similar increase in specific energy consumption with increasing fuel split for
2500 km range as could be observed for 5000 km. A difference can be noted in the fact that SEC is
higher at a fuel split of 0.0 and increases less steeply than for 5000 km range.

Figure 5.39: Change in specific energy consumption for increasing cruise fuel split at 2500 km range

Just like the progression of SEC showing similar behaviour for 2500 and 5000 km, this is also the
case for the progression of equivalent CO2 emissions at 2500 km, shown in Figure 5.40 below, when
comparing to 5000 km range. Next to that, the smaller increase of SEC that was noted at 2500 km, is
also reflected by a smaller increase of equivalent CO2 for 2025 and 2035, and a smaller decrease of
equivalent CO2 for 2050 at 2500 km range. Additionally, it can be noted, similar to 5000 km, that the
combination of hydrogen and kerosene results in lower equivalent CO2 emissions than a full hydrogen
concept for 2025 and 2035. However, for 2050 the full hydrogen concept results in lower equivalent
CO2 emissions.

Figure 5.40: Change of equivalent CO2 emissions for increasing cruise fuel split at 2500 km range
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5.2.2. Varying payload and range
To get more insight into the effect of changing payload, i.e. the number of passengers, and range, a
sensitivity analysis was done where these parameters were varied. The effect on MTOW, OEW and
SEC and CO2eq will be shown in subsequent figures below. In these figures, also the change in fuel
split was included, such that the effect of changing this parameter can be compared to changes in
range and number of passengers. Furthermore, the baseline case is a mission at a cruise range of
2500 km, 150 passengers and a fuel split in cruise of 0.5, meaning hydrogen is used from the start of
the mission until half of the cruise phase and kerosene is used for the second half of the cruise phase
and the reserve and loiter part of the mission.

Effect on MTOW and OEW
Figure 5.41 and Figure 5.42 below show the change in MTOW and OEW, respectively, for a changing
range, number of passengers and the fuel split in cruise, compared to a baseline case. From these
figures, it can be observed that MTOW and OEW show little sensitivity to a change in the fuel split
during cruise, which already became apparent from the cruise fuel split analysis previously presented
in Section 5.2.1. Next to that, it can be observed that changing the range has a larger effect on OEW
and MTOW, but it is still limited. What stands out from these figures is that changing the number of
passengers has a large effect on MTOW and OEW.

Figure 5.41: Sensitivity of MTOW to change in range, PAX,
and cruise fuel split

Figure 5.42: Sensitivity of OEW to change in range, PAX,
and cruise fuel split

Effect on fuel weight
Figure 5.43 shows the change in total fuel weight for a changing range, number of passenger and fuel
split in cruise. It can be observed that the fuel weight shows a similarly large sensitivity to a change
in the number of passengers as was seen for the MTOW and OEW. Next to that, the fuel weight also
shows large sensitivity to a change in flight range. Regarding the fuel split in cruise, it can be observed
that an increase of this parameter results in a decrease in fuel weight, due to increased hydrogen use
and decreased kerosene use. The sensitivity of the fuel weight to this parameter is smaller than to the
change in range and PAX.
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Figure 5.43: Sensitivity of fuel weight to change in range, PAX, and cruise fuel split

Figure 5.44 and Figure 5.45 below show the sensitivity of the hydrogen and kerosene weight, respec-
tively. It can be seen that the change in fuel split in cruise logically has an inverse effect on the change
in hydrogen and kerosene weight, but also that the effect is stronger than for combined fuel weight
parameter. This is especially the case for hydrogen weight. These two effects combined also explain
the more limited sensitivity of the total fuel weight to a change in fuel split.

Furthermore, changing the number of passengers has a significant, and similar, effect on the change
of hydrogen and kerosene weight. The same goes for changing the range, for which the effect is even
stronger for the change in hydrogen weight than for the change in kerosene weight.

Figure 5.44: Sensitivity of hydrogen weight to change in
range, PAX, and cruise fuel split

Figure 5.45: Sensitivity of kerosene weight to change in
range, PAX, and cruise fuel split

Effect on energy & emissions
Lastly, the sensitivity of the specific energy consumption and equivalent CO2 emissions to a change
in range, number of passengers and fuel split in cruise will be looked into. Figure 5.46 shows the
sensitivity of the SEC to these changes for 2025. For 2035 and 2050, it was found that the figures look
(nearly) identical, so they were left out for conciseness. Since the SEC is computed per passenger-
kilometre, a reduction in range and number of passengers increases the SEC. On the contrary, for an
increase in range and passengers, a decrease of the SEC is expected. This is true for the number
of passengers, for which the SEC shows a strong sensitivity. For the range, Figure 5.46 also shows
a decrease in SEC for a 10% and 20% increase in range. However, this increase is smaller than the
decrease in SEC for a decreasing range. Next to that, at 30% increase in range, an increase in SEC is
observed. Finally, it can be observed that the SEC decreases with decreasing fuel split in cruise. This
can be attributed to the decrease in WTT and TTW energy consumption of hydrogen. Even though the



5.2. Sensitivity Analysis 80

energy consumption from kerosene increases, the total SEC decreases. This was already observed
in Figure 5.39. On the contrary, the SEC increases for an increase in fuel split during cruise.

Figure 5.46: Sensitivity of specific energy consumption in 2025 to change in range, PAX, and cruise fuel split

Figures 5.47, 5.48 and 5.49 show the sensitivity of equivalent CO2 emissions to a changing range,
number of passengers and cruise fuel split for 2025, 2035 and 2050, respectively. Similar to the SEC,
CO2eq is expressed per passenger-kilometre. Therefore, for a decrease in range and number of pas-
sengers, a decrease in CO2eq can be noticed. The sensitivity to a change in passengers is (nearly)
identical for the three years. The sensitivity to a change in range also shows similar progression for
the three years. However, the sensitivity is stronger further into the future, due to the projected decar-
bonisation of the electricity grid that the hydrogen is derived from. This aspect can also be noted when
comparing the sensitivity of CO2eq for changing fuel split in the cruise phase, as for 2025, a decrease
in hydrogen use (reduced fuel split) results in a decrease in CO2eq and vice versa. For 2035, this effect
can still be noticed but is reduced due to the decarbonisation of hydrogen production. However, for
2050, further decarbonisation of hydrogen production results in an increase in CO2eq for a reduction in
hydrogen use, and a decrease in CO2eq for an increase in hydrogen use (increased fuel split).

Figure 5.47: Sensitivity of equivalent
CO2 emissions in 2025 to change in
range, PAX, and cruise fuel split

Figure 5.48: Sensitivity of equivalent
CO2 emissions in 2035 to change in
range, PAX, and cruise fuel split

Figure 5.49: Sensitivity of equivalent
CO2 emissions in 2050 to change in
range, PAX, and cruise fuel split

5.2.3. Passenger capability for fuselage length limit
In Section 5.1, it was found that implementing a hydrogen tank in the fuselage in order to fly on hydro-
gen has a large impact on the fuselage length for a set amount of passengers. However, it was also
found that by employing a dual-fuel strategy, this effect could be limited. Additionally, in Section 5.2.2,
it was presented that the number of passengers has a large effect on the weight of the aircraft concept.
Combining these findings, the question rises how the operational capability in terms of the number of
passengers that can be taken on board is affected for a dual-fuel aircraft. Therefore, an analysis was
done to investigate potential passenger reductions required to stay within a certain fuselage length limit.

For this analysis, the aircraft design model presented in this study was used to analyse the four sce-
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narios presented in Section 5.1 for a varying number of passengers, both for 5000 km and 2500 km
range. In the passenger range, steps of six passengers were taken, which is equivalent to one row of
seats for the 3-3 seats abreast configuration assumed in this study. The limit on the fuselage length
was set at 45 m, as this limit is close to the maximum length of 44.5 m of the Airbus A321, which is
the stretched version of the Airbus A320, that was used as reference aircraft for the comparative analy-
sis6. Next to that, the results from the comparative analysis in Table 5.2 and Table 5.5 showed that the
fuselage length for the different scenarios lie around this number. Figure 5.50 and Figure 5.51 below
show, for 5000 and 2500 km range, respectively, the stepwise change in fuselage length for 90 to 180
passengers for the four scenarios.

Figure 5.50: Fuselage length versus number of passengers
at 5000 km range

Figure 5.51: Fuselage length versus number of passengers
at 2500 km range

From Figure 5.50 it can be observed that for 5000 km range, the full hydrogen exceeds the fuselage
length limit already at 114 passengers. When flying the reserve part of the mission on kerosene, the
number of passengers can be increased to 126 passengers. For the 50/50 scenarios, the number of
passengers can be further increased, to 144 passengers for the kerosene first scenario, and 150 pas-
sengers for the hydrogen first scenario.

Looking at the comparison at 2500 km range in Figure 5.51, it can be observed that the number of pas-
sengers that can be taken on board within the fuselage length limit is increased significantly compared
to 5000 km range for all scenarios. For both scenario 1 and 2, four additional rows of passengers can
be taken on board. In this case, scenario 2 already meets the 150 passengers from the reference case.
For the 50/50 scenarios, two additional rows of passengers can be taken on board compared to 5000
km range. Compared to 5000 km, the passenger count where the fuselage length limit is exceeded
lies closer together at the reduced range of 2500 km.

This comparison shows that the employment of a dual-fuel configuration with hydrogen accompanied
by kerosene or SAF can reduce the operational penalty regarding the number of passengers that can
be taken on board compared to flying solely on hydrogen, especially when requiring a longer flight
range from the aircraft.

6https://customer.janes.com/

https://customer.janes.com/
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Conclusion & Recommendations

6.1. Conclusion
In this study, the impact of the implementation of a dual-fuel propulsion system on the performance of
a narrowbody tube and wing turbofan aircraft was investigated. The aim was to evaluate how dual-fuel
capability affects aircraft design, fuel usage, and operational performance, and to determine whether
such a configuration can function as an effective intermediate step between conventional kerosene op-
eration and full hydrogen aviation. For this purpose, a parametric aircraft model was developed using
the commercial ParaPy Python package, in which Class I aircraft sizing, mission analysis and Class II
weight estimation were combined. Based on the results from comparing different scenarios and per-
forming sensitivity analyses, several conclusions can be drawn.

First of all, the fuselage length is the main design parameter influenced by the implementation of a
hydrogen tank. Across all scenarios, fuselage length increases due to the lower volumetric energy
density of hydrogen, but the extent of this increase depends strongly on the share of hydrogen to be
used in the mission. At 2500 km range, the fuselage length remained closer to the kerosene baseline
than was the case at 5000 km range. This shows that dual-fuel operation can partially mitigate the
volume penalty typically seen in full hydrogen concepts.

Secondly, the comparison of the different scenarios allows a clear distinction between the effects of
hydrogen and kerosene usage on MTOW and fuel weight. This shows that an increase in the amount
of hydrogen that is used results in a strong reduction of total fuel weight, due to a reduction in the use of
the heavier kerosene. However, the addition of the hydrogen tank and fuselage extension causes the
OEW to increase significantly with increasing use of hydrogen. Combined with the decreasing overall
fuel weight, the MTOW of the aircraft concepts does not change significantly, but shows a small de-
crease. This is the case for both the 5000 and 2500 km range. The sensitivity analysis on varying the
fuel split in cruise confirms the fact that an increase in hydrogen use causes a decrease in total fuel
weight, but an increase in OEW caused by the hydrogen tank and fuselage, and, therefore, the MTOW
to stay around similar values.

Thirdly, an increase in the use of hydrogen increases the tank-to-wake (in-flight) specific energy con-
sumption (SEC), due to the higher energy content per kilogram of hydrogen compared to kerosene.
Taking into account the well-to-tank energy required to produce hydrogen, the total SEC is increased
even further. Considering equivalent CO2 emissions from tank-to-wake, the increase in hydrogen use
has the potential to reduce the CO2 emissions compared to a full kerosene aircraft concept. However,
when considering the total equivalent CO2 emissions of the use of both fuels, results show that po-
tential reductions of the equivalent CO2 emissions largely depends on the equivalent emissions from
hydrogen production. Considering hydrogen production from a world-average electricity grid that is de-
carbonising over the years, results show that reduction of equivalent emissions compared to a kerosene
baseline is only achievable in 2050. However, partly operating on kerosene actually results in a reduc-
tion in equivalent CO2 emissions compared to a full hydrogen aircraft concept.
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Finally, the sensitivity analysis shows that the required range and passenger capacity strongly influence
the aircraft design. The results demonstrate that employing dual-fuel operation helps limit the neces-
sary passenger reduction when a fuselage length constraint is imposed. For a 45 meter fuselage limit,
the 50/50 hydrogen-kerosene scenarios remained close to 150 passengers at 5000 km range, whereas
the full hydrogen aircraft is limited to 114 passengers and the kerosene-reserve scenario to 126 pas-
sengers. When the range requirement is reduced to 2500 km, the passenger penalty decreases for
full hydrogen flight. Dual-fuel operation still allows for additional passengers within the fuselage length
limit, although the advantage over the full hydrogen concept becomes smaller at this shorter range.

Combining the findings presented above, it can be concluded that the implementation of a dual-fuel
propulsion system on hydrogen and kerosene mainly affects the aircraft design through an increase
in fuselage length due to the integration of a hydrogen tank. The results show that this effect varies
strongly with hydrogen share and required range, and that dual-fuel operation can partially mitigate the
fuselage growth typically seen in full hydrogen concepts. The use of hydrogen reduces total fuel weight,
while the addition of the tank and fuselage extension increases OEW. Because these two effects coun-
teract one another, the MTOW shows only a small decrease across all scenarios at both 2500 km and
5000 km range. Regarding emissions, the equivalent CO2 tank-to-wake emissions decrease with in-
creasing hydrogen use, but the well-to-tank energy required for hydrogen production can lead to higher
overall equivalent emissions when production relies on electricity with significant carbon impact. Only
under 2050 grid assumptions do all hydrogen-containing scenarios outperform the kerosene baseline
in well-to-wake emissions, while dual-fuel operation shows a clear advantage over full-hydrogen con-
cepts in the nearer term. Finally, dual-fuel aircraft can limit the passenger reduction required under
a fuselage length constrained, especially at longer missions. This indicates that dual-fuel operation
can improve operational flexibility and payload capability compared to full hydrogen aircraft, while still
offering a meaningful step towards long-term decarbonisation of the aviation industry.

6.2. Recommendations for Future Research
For the work in this study, assumptions were made and limitations present. Based on these, several
recommendations for future research can be made.

Generally, more detailed analysis of components in the presented methodology will aid in more cer-
tain conclusions about dual-fuel aircraft configurations to be drawn. First of all, it is recommended to
include higher fidelity aerodynamic modelling, taking into lift and drag contributions of high-lift devices
and landing gear. Next to that, it is recommended to obtain the drag polar at varying flight conditions
throughout the mission analysis, such as at take-off and landing, and at reserve and loiter conditions.
This would lead to a more accurate estimate of the fuel consumption in the mission analysis. Also po-
tential aeroelastic effects from reduced fuel storage in the wings on the aerodynamics are interesting
to investigate.

With a more accurate fuel weight estimation, it would also be of added value to incorporate higher fi-
delity wing and fuselage weight estimations. Aspects that would be useful to take into account could
be, but are not limited to: crash structures around the hydrogen tank, safety margins and systems
around the hydrogen tank, the effect of a hydrogen tank on the local fuselage structure and structural
implications of reduced fuel storage in the wings. Also, the sizing of the hydrogen tank structure and
insulation through a pressure build-up model is recommended to obtain a higher fidelity estimation of
the tank model.

In terms of the estimation of fuel consumption, future research could investigate component level im-
plications of a turbofan that can operate on both on hydrogen and kerosene or SAF, such as the com-
bustion chamber geometry, fuel injection, and thermal management and the effect this has on fuel
consumption estimations used in the mission analysis. Also, the implications of in-flight fuel switching
on the aircraft engine and other systems are recommended to further investigate.

Emissions are currently evaluated for kerosene. Another recommendation for future research is to in-
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corporate SAF and investigate how this affects lifecycle energy consumption and emissions. Next to
that, it is recommended to investigate the cost aspect of hydrogen, SAF and kerosene, as well as to
further investigate the effect on climate impact from dual-fuel use based on in-flight emissions.

Finally, looking at the overall design methodology, the model is currently set up in such a way that
an aircraft concept is created bottom-up based on the inputs and requirements given to the model.
It would be interesting for future research to incorporate elements from a top-down design approach.
Examples would be to specify a priori a limit on the length of the fuselage or the number of passengers,
and to let the design tool explore possible dual-fuel concepts and fuel split specifications. Linked to
this, the recommendation is made to incorporate an optimisation around the design methodology that
can optimise for different objectives, such as lowest lifecycle emissions, or minimal weight. Next to that,
a clear limitation in the current set up of the design model lies in the presence of an empty hydrogen
tank in the aircraft model even if no hydrogen use is specified. This makes comparison to a kerosene
baseline aircraft less straightforward and it is thus recommended that this limitation is addressed in
future developments and research.
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