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Abstract
This paper focuses on the conceptual design optimization of liquid hydrogen aircraft and their performance in terms of 
climate impact, cash operating cost, and energy consumption. An automated, multidisciplinary design framework for ker-
osene-powered aircraft is extended to design liquid hydrogen-powered aircraft at a conceptual level. A hydrogen tank is 
integrated into the aft section of the fuselage, increasing the operating empty mass and wetted area. Furthermore, the gas 
model of the engine is adapted to account for the hydrogen combustion products. It is concluded that for medium-range, 
narrow-body aircraft using hydrogen technology, the climate impact can be minimized by flying at an altitude of 6.0 km 
at which contrails are eliminated and the impact due to NO

x
 emissions is expected to be small. However, this leads to a 

deteriorated cruise performance in terms of energy and operating cost due to the lower lift-to-drag ratio (– 11%) and lower 
engine overall efficiency (– 10%) compared to the energy-optimal solutions. Compared to cost-optimal kerosene aircraft, the 
average temperature response can be reduced by 73–99% by employing liquid hydrogen, depending on the design objective. 
However, this reduction in climate impact leads to an increase in cash operating cost of 28–39% when considering 2030 
hydrogen price estimates. Nevertheless, an analysis of future kerosene and hydrogen prices shows that this cost difference 
can be significantly decreased beyond 2030.

Keywords Aircraft design · Hydrogen · Climate impact · MDO

Abbreviations
ATR   Average temperature response [mK]
BPR  Bypass ratio
CG  Center of gravity
COC  Cash operating cost [USD]
far  Fuel-to-air ratio
GEOM  Geometry
GWP  Global warming potential
LHV  Lower heating value of fuel [MJ/kg]
LPC  Low-pressure compressor
HPC  High-pressure compressor
MAC  Mean aerodynamic chord
MLM  Maximum landing mass [kg]
MTOM  Maximum take-off mass [kg]
OEM  Operating empty mass [kg]
OPR  Overall pressure ratio

RF  Radiative forcing [ W/m2]
RPK  Revenue passenger kilometer
SEC  Specific energy consumption [MJ/(N s)]
TET  Turbine entry temperature [K]
TLAR  Top-level aircraft requirement
TOP  Take-off parameter
TSFC  Thrust specific fuel consumption [kg/(N s)]
XDSM  Extended design structure matrix

Latin symbols
A  Aspect ratio or cross-sectional area [– or m2]
b  Wing span [m]
c  Climb rate [m/s]
cp  Isobaric specific heat [J/(kg K)]
CL  Lift coefficient [–]
CD  Drag coefficient [–]
CD0

  Zero-lift drag coefficient [–]
CDw

  Wave drag coefficient [–]
cp  Specific heat capcity at constant pressure [J/

(kg K)]
EIi  Emission index of species i [kg/kg]
e  Oswald factor [–]
F  Objective function [mK, USD, or MJ]
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h  Altitude or specific enthalpy [m or J/kg]
m  Mass [kg]
ṁ  Mass flow [kg/s]
M  Mach number [–]
Mi  Molar mass of species i [g/kmol]
p  Pressure [ N/M2]
pi  Partial pressure of species i [ N/M2]
r  Range [km]
R  Gas constant [J/(kg K)]
Rh  Range-equivalent fuel calorific value 

( Rh = LHV∕g ) [J/(kg K)]
S  Wing surface area [ m2]
T  Thrust [kN] or temperature [K]
tbl  Block time [h]
Uann  Annual utilization [h/year]
V  Volume [ m3]
V   Tail volume coefficient [–]
v  Velocity [m/s]
W  Weight [kN]
x  Design vector

Greek symbols
�  Ratio of specific heats [–]
ΔT   Surface temperature change [K]
�ov  Overall propulsion efficiency [–]
�grav  Gravimetric index [–]
Λ0.25  Wing quarter-chord sweep angle [deg]
�  Wing taper ratio [–]
�  Density [ kg/m3]
�  Temperature-dependent fraction of entropy [J/

(kg K)]

Sub‑ and superscripts
0  Sea-level condition or initial value
0.25  Measured at quarter-chord
amb  Ambient condition
app  Approach condition
cr  Cruise condition
eng  Engine
ht  Horizontal tail
L  Lower bound
TO  Take-off condition
U  Upper bound
vt  Vertical tail
∗  Optimal solution

1 Introduction

Fossil fuels and the associated emissions are leading to an 
increased burden on the environment [18]. Among other 
sectors, commercial aviation undeniably performs a role 
in the combustion of these fuels and the related effects on 
the climate [24]. These effects do not only arise due to the 

emission of carbon dioxide ( CO2 ) but also the emission of 
nitrogen oxides ( NOx ) and contrail formation are impor-
tant factors. With a continued and rapid growth in com-
mercial aviation [1, 6], it is clear that an urgent transition 
to new technologies and operations is required to reduce 
the climate impact.

Previous studies have investigated the potential to 
reduce the global warming impact of kerosene aircraft 
through re-optimization of airframe, engine, and mission 
variables [4, 11, 15, 22, 35], including the application 
of new technologies and/or operational changes. It was 
shown that the objectives of operating cost, fuel mass, 
and climate impact are conflicting and that flying lower 
and slower is key to reduce the burden of non-CO2 effects. 
Nevertheless, the climate impact reduction of kerosene air-
craft, even at low altitudes, is limited by the unavoidable 
emissions of CO2 causing long-term warming.

Hydrogen fuel can provide a more sustainable alter-
native if it is produced from sustainable energy sources. 
It eliminates the emissions of carbon dioxide, as well as 
sulfate and soot particles [12]. Acknowledging the remain-
ing uncertainty, several research projects examined the 
potential climate impact reduction of hydrogen aircraft. 
Svensson et al. [43] estimated that the Global Warming 
Potential (GWP) of medium-range aircraft can be reduced 
by approximately 15% and that in particular, flying lower 
has a notable impact, since it prevents contrail formation. 
In research by Ponater et al. [33], three transition scenarios 
toward cryoplane technology are assessed. Here, it was 
concluded that, depending on the scenario, a decrease in 
surface temperature change of 5–15% is possible compared 
to the kerosene reference scenario.

Both studies considered the increase in water vapor 
( H2O ) emissions, potential reduction in NOx discharge, and 
change in contrail properties, mainly optical depth and life-
time. The alteration of these contrail properties is caused by 
the lack of soot particles in the exhaust plume, as examined 
by Ström and Gierens [41]. From these insights, Marquart 
et al. [27] further analyzed the radiative effect of contrails 
and formed the conclusion that the decreased optical thick-
ness can counteract the increased formation frequency due 
to increased water vapor emissions, although the net effect 
is still uncertain. More recently, Burkhardt et al. [8] further 
studied the relation between contrail radiative forcing and 
initial ice particle number.

Despite this opportunity for significant climate impact 
reduction, the integration of liquid hydrogen into the exist-
ing tube-and-wing concept and its operations does not 
come without hurdles. First of all, there is the need to store 
the liquid hydrogen in cryogenic tanks, which require a 
(near) cylindrical shape to efficiently deal with the pres-
sure differential and the application of insulation material 
[20]. Furthermore, liquid hydrogen has a low volumetric 
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energy density (approximately 8496MJ/m3 compared to 
34 511MJ/m3 for kerosene [12]), and thus requires a note-
worthy volume. These two aspects, shape and volume, prac-
tically eliminate the option of storing liquid hydrogen in the 
relatively thin, high-subsonic wings of commercial aircraft.

The impact of hydrogen propulsion and the associated 
tank fitment on aircraft characteristics and performance has 
been studied in several research projects. System and sub-
system design and analysis of hydrogen aircraft are covered 
in the studies by Brewer [7]. Furthermore, extensive sys-
tem analyses of hydrogen aircraft were performed in the 
CRYOPLANE project [51]. It was concluded that the overall 
energy consumption and the operating empty mass (OEM) 
of hydrogen aircraft are higher than the kerosene alterna-
tives, while the net effect on the aircraft maximum take-off 
mass (MTOM) is dependent on the category. Especially, 
the ratio between OEM and MTOM increases, because the 
higher specific density of hydrogen allows reducing the fuel 
mass, while the structural mass of the airframe increases. 
Similar trends can be observed in the studies by Verstraete 
[48]. Although multiple integration options are available 
[12, 20, 31, 48], a comparison between them is considered 
out of scope for the current discussion.

Although much of the cited work investigates the impact 
of hydrogen on climate impact, research into the conceptual 
optimization of hydrogen-powered aircraft, with a holistic 
evaluation of the climate impact, energy consumption, and 
cost, appears to be missing. Rather than studying individual 
sub-systems of a hydrogen aircraft, this study examines 
the design of hydrogen aircraft for various objectives and 
compares these concepts with their kerosene alternatives. 
The aim is to understand whether the transition to hydro-
gen is viable and sustainable, paving the way toward further 
research into the sub-system design of hydrogen aircraft. To 
achieve this objective, two research questions are targeted in 
this paper. The first research question focuses on the opti-
mization of hydrogen aircraft, namely: how do the aircraft 
design variables of a liquid-hydrogen aircraft change when 
shifting from a cost to a climate objective? And second, how 
do these liquid–hydrogen optimized solutions compare to a 
kerosene alternative in terms of cost, climate impact, and 
energy consumption?

The aircraft are to be designed for a fixed set of top-level 
aircraft requirements (TLARs), targeting the medium-range, 
narrow-body market. Contrary to many design studies, the 
cruise Mach number and cruise altitude are added to the 
design variables. The classic tube-and-wing configuration 
with turbofan engines is assumed in the present study. In the 
case of the hydrogen aircraft, a liquid hydrogen tank is posi-
tioned in the rear section of the fuselage. The focus of this 
paper lies primarily on the global warming impact, and less 

on other environmental aspects such as noise and air quality. 
It is recognized that the introduction of hydrogen technology 
brings additional hurdles to overcome, especially in terms of 
safety and airport logistics [12]. Nonetheless, the potential 
impact of these considerations on the aircraft design is left 
for further research.

The paper adheres to the following structure: Sect. 2 out-
lines the optimization problem and discusses the multidis-
ciplinary design and analysis framework. The verification 
of the hydrogen gas model is provided in Sect. 3. Section 4 
presents the results of the optimization study and compares 
the two fuel alternatives, answering the research questions 
posed above. Since the conceptual approach includes sev-
eral assumptions and uncertainties, an assessment thereof 
is made in Sect. 5. Finally, Sect. 6 presents the conclusions 
and provides suggestions for further research.

2  Optimization definition and methodology 
description

The research questions posed above are solved by employing 
multidisciplinary design optimization (MDO). For kerosene 
aircraft, such a framework is already in place [35]. In this 
study, the MDO routine is extended to design and analyze 
liquid hydrogen aircraft in a conceptual design stage. In this 
section, first, the optimization problem and MDO architec-
ture are formulated. Second, the individual disciplines are 
elaborated in Sect. 2.2, with a focus on the modifications for 
the hydrogen-powered aircraft. Section 2.3 defines the fleet 
scenario which is considered in the optimizations.

2.1  Optimization problem formulation

Since earlier research indicated that the climate-optimal air-
craft designs conflict with the cost and fuel burn objectives 
[11, 15, 22], the three objectives and the trade-offs between 
them have to be studied separately. In the current study, the 
three single objectives are the climate impact measured by 
the average temperature response ( ATR100 ), cash operating 
cost (COC), and energy consumption ( Efuel ). The reason for 
selecting the energy consumption rather than the fuel mass 
is that directly comparing the fuel burn of kerosene aircraft 
to that of hydrogen aircraft is not fair due to the large differ-
ence in calorific value of the fuels. Nevertheless, setting the 
energy or fuel burn as an optimization objective does yield 
the same design, since the two objectives are linearly related 
by the respective calorific value. This yields the following 
optimization problem definition:
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(1)

minimize
x

F(x) = ATR100(x) or COC(x) or Efuel(x)
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This problem aims to find the design vector x , defined by 
the nine variables in Table 1, which minimizes one of these 
objectives or forms a Pareto-optimal point in the multi-
objective case. The nine variables are divided into three 
categories. First, two variables are related to the airframe, 
being the aspect ratio (A) and wing loading at take-off (W/S). 
Second, five design variables define the turbofan engine 
design cycle at top-of-climb, namely the bypass ratio (BPR), 
pressure ratios of the fan, low-pressure compressor (LPC), 
high-pressure compressor (HPC), and the turbine entry tem-
perature (TET). Finally, the initial cruise altitude ( hcr ) and 
the cruise Mach number ( Mcr ) influence the mission profile. 
Table 1 also provides the upper and lower bounds employed 
in this study. These are selected based on current technologi-
cal and operational limitations, while also considering the 
assumptions made in the conceptual methods.

The design space is confined by eight inequality con-
straints, denoted by g in Fig. 1. The first constraint in Eq. 
(1) ensures that the selected wing loading is low enough 
to meet the minimum approach speed vapp , which is set to 
70.0 m∕s [2]. The value of the maximum lift coefficient 
( CLmax

 ) is derived from the wing quarter-chord sweep, as 
discussed in Sect. 2.2.3. A correction is included to con-
sider that the maximum approach mass is lower than the 
MTOM. To formulate the constraint for the wing loading 
at take-off, it is assumed that the maximum approach or 
landing mass is 12% ( fW = 1∕0.88 ) and 4% ( fW = 1∕0.96 ) 
lower than the take-off mass for the kerosene and hydro-
gen aircraft, respectively. The second constraint limits 
the wing span b to 36 m, which is the upper limit for 
aircraft belonging to the ICAO 4C category. Third, the 
maximum turbine entry temperature at take-off (ISA+15), 

Table 1  Design variables and their respective bounds

Variable Description [Unit] Lower 
bound ( xL)

Upper 
bound 
( xU)

W/S Wing loading [ kN/m2] 3.00 6.50
A Aspect ratio [–] 7.00 12.0
BPR Bypass ratio [–] 6.00 11.0
Πfan Fan pressure ratio [–] 1.30 1.80
Πlpc LPC pressure ratio [–] 1.20 1.80
Πhpc HPC pressure ratio [–] 15.0 25.0
TET Turbine entry temperature [K] 1350 1700
hcr Initial cruise altitude [km] 6.00 12.0
Mcr Cruise Mach number [–] 0.50 0.90

Fig. 1  Extended design struc-
ture matrix showing the mul-
tidisciplinary design workflow 
adapted from [35] to design 
hydrogen aircraft. The data con-
nections (gray parallelograms) 
between the design and analysis 
modules (green boxes) and 
function evaluations (red boxes) 
are indicated by the wide, gray 
lines. The black line defines the 
computational execution order
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TETTO, max , is restricted to 2000 K according to Mattingly 
et al. [29]. The fourth constraint limits the overall pres-
sure ratio (OPR) at top-of-climb to 60. Additionally, 
the pressure ratios of the fan, low-pressure compressor, 
and high-pressure compressor in take-off are also con-
strained by the upper boundaries set in Table 1. The final 
constraint prevents the aircraft lift coefficient in cruise 
from reaching the buffet onset condition. The regulations 
stipulate that the maximum lift coefficient achieved at 
any point in flight should be 30% lower than the one at 
which buffet occurs. The relation is derived from the buf-
fet onset boundaries collected by Obert [30].

The extended design structure matrix (XDSM) in Fig. 1 
presents how the disciplines are connected, which data are 
shared between them, and the computational order of execu-
tion. At the core of the framework is the convergence loop 
which produces consistent aircraft designs in terms of mass 
for a design vector provided by the optimization module and 
a fixed set of TLARs. For each aircraft design, the climate 
impact, operating cost, and constraints are evaluated (steps 
6–8) to update the design vector. The airframe and propul-
sion modules consist of subroutines, as displayed in Figs. 2 
and 3. Although the XDSM in Fig. 1 is similar for both 
aircraft types, the individual disciplines differ. Appendix A 
provides further details about the optimization algorithm and 
presents the convergence in Figs. 14 and 15.

In the optimizations, we only consider the in-flight energy 
consumption and the climate impact due to in-flight emis-
sions. For a complete overview, one should also consider the 
energy needed to produce the fuels and the resulting climate 
impact. This requires a full life-cycle assessment. Such an 
analysis is quite elaborate and would add more uncertainty to 
the current MDO approach. Therefore, the life-cycle assess-
ment is outside the scope of this paper.

2.2  Design and analysis methods

The following sections discuss the design and analysis steps 
taken in the individual disciplines. Since the modules of an 
existing aircraft design framework are extended [35], the 
sections focus on the changes made for the integration of 
liquid hydrogen.

2.2.1  Class‑I sizing

The Class-I sizing module aims to compute the wing sur-
face area (S) and the sea-level take-off thrust ( TTO ), which 
influence geometry creation, mass estimation, and propul-
sion-system design. The surface area can be computed from 
the wing loading and the MTOM estimate in the current 
design loop. TTO follows from the sea-level, thrust-to-weight 
ratio, which is selected, such that it is the minimum value 

satisfying all six imposed performance constraints. This is 
mathematically expressed by the following equation, which 
is directly dependent on the design variables W/S, A, and 
Mcr , and indirectly on hcr:

The first component within the curly brackets ensures that 
the required take-off length can be achieved, while the sec-
ond component verifies that enough thrust is available in 
cruise conditions. These two constraints are set up according 
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Fig. 2  Airframe design and analysis workflow (step 2 in Fig. 1)
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Fig. 3  Propulsion design and analysis workflow (step 3 in Fig. 1) [35]
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to previously discussed methods [35, 36], where the den-
sity � and pressure p are altitude-dependent and calculated 
through the International Standard Atmosphere (ISA) model. 
The take-off length for the medium-range case study is pre-
sented in Table 4 along with other top-level requirements. 
The wing loading at the start of cruise is considered to be 
lower due to fuel consumed during take-off and climb. The 
next four components guarantee that the thrust level is suf-
ficient to produce the required climb gradient (c/v) in several 
all-engines-operating conditions and one-engine-inoperative 
situations. The subscripts “TO”, “cr”, and “app” refer to 
the configuration of the aircraft is in take-off, cruise, or 
approach, respectively. The zero-lift drag coefficients ( CD0

 ) 
and Oswald factors (e) are adapted to the applicable con-
figuration. Table 2 provides the minimum climb gradients 
to be achieved in these four situations and references to the 
respective regulations.

These performance requirements are only considered in the 
Class-I sizing module and are not constraints in overall mul-
tidisciplinary optimization. This approach ensures that every 
design solution coming from the synthesis loop automatically 
meets these requirements. In addition, this eliminates TTO as a 
design variable in the overall optimization. However, depend-
ing on the selected wing loading and aspect ratio, different 
requirements may become active. Such a disruptive change 

can cause problems when a gradient-based optimization 
algorithm is used. To overcome this issue, a multi-strategy 
approach is used when solving the optimization problem. We 
discuss this approach in more detail in  Appendix A.

2.2.2  Geometry creation

The aircraft geometry is required to determine the drag polar 
in module 2.3 (Sect. 2.2.3) and to predict the structural mass 
in module 2.4 (Sect. 2.2.4). The creation is fully automated 
to facilitate the MDO. This automation is achieved through 
statistical relationships and assumptions based on existing 
medium-range, narrow-body aircraft concepts such as the 
Airbus A320 and Boeing 737 [2, 5].

The wing is sized according to the surface area, retrieved 
from the analysis in Sect. 2.2.1, the aspect ratio, the cruise 
Mach number, and the lift coefficient. The span is deter-
mined directly from S and A, while the remainder of the 
planform is defined by the quarter-chord sweep angle and 
the taper ratio, which are determined from the cruise Mach 
number and data of high-subsonic and transonic aircraft [19, 
46]. The cruise lift coefficient provides an estimate of the 
airfoil thickness-to-chord ratio, which in turn is employed in 
the aerodynamic analysis and mass estimation.

Different from the wing geometry, the fuselage geometry 
is dependent on the fuel type. For the kerosene-powered 
aircraft, the fuselage consists of three sections: the cock-
pit, cabin, and tail. First, the inner and outer diameters are 
computed based on the number of seats abreast in the cabin 
and the LD3-45 unit load device in the cargo bay below. For 
the current study, a six-abreast, single-aisle configuration is 
selected, leading to inner and outer diameters of approxi-
mately 3.91 and 4.06 m, respectively. A maximum capacity 
of 180 passengers thus results in a cabin consisting of 30 
rows and being approximately 27 m long. This maximum 
capacity is arranged in a single-class configuration, which 
is taken to be the sizing configuration for the cabin. Two- 
or three-class configurations can be fitted, albeit at a lower 
passenger number. This cabin layout is similar to the ones of 
the Airbus A320 [2] and Boeing 737-900 [5]. The cockpit is 
assumed to be 4 m long and the length of the tail section is 
1.6 times the outer diameter.

For the hydrogen aircraft, a cylindrical, cryogenic tank 
is integrated into the aircraft. Although various integration 
solutions exist [12, 31], in this study, the tank is positioned 
aft of the cabin in the fuselage in a non-integral manner. 
This is a rather straightforward solution for the aircraft 
category under investigation, since it results in a relatively 
short tank and does not interrupt the conventional connec-
tion between the cockpit and the cabin. The maximum fuel 
mass ( mfuel,max ), together with the density of liquid hydro-
gen ( 71 kg/m3 ), provides an estimate for the maximum tank 

Table 2  Climb gradients (c/v) to be met according to regulations

Take-off Approach or Landing

All engines operat-
ing ( Neng)

0.012 (CS25.111) 0.032 (CS25.119)

One engine inop-
erative ( Neng − 1)

0.024 (CS25.121) 0.021 (CS25.121)

rtank

ltank

hdome

x [m]

y,
z
[m

]

Fig. 4  Longitudinal section of the liquid hydrogen tank concept
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volume ( Vtank ). Assuming the tank diameter ( dtank = 2rtank ) 
is equal to the inner diameter of the fuselage and the end 
caps of the tank are ellipsoids, the tank length can be deter-
mined as follows:

Figure 4 displays a conceptual longitudinal section of the 
tank model with the dimensions from the relation above. The 
ratio between the dome height and the tank radius (h∕r)dome 
is selected as the control variable, since it facilitates scaling 
the domes automatically with the radius, and because its 
value lies in the interval between zero and one. Although 
this ratio only influences the total tank length, it does not 
influence the mass of the tank itself in the current model. 
Lower values of (h∕r)dome can reduce the fuselage mass, but 
any penalty on stress levels due to the internal pressure is 
not accounted for. In the optimizations, the ratio is set to 0.3. 
The sensitivities of aircraft-level parameters to this assump-
tion are discussed in Sect. 5.1.

The tank outer diameter is assumed to be equal to the 
inner diameter of the fuselage, which is equal to the diam-
eter of the cabin. This leaves approximately 15 cm around 
the tank for insulation material and structural components. 
In this approximation, the volume of the tank is determined 
from the maximum amount of liquid hydrogen it has to hold, 
plus extra allowances to account for contraction and expan-
sion (0.9%), ullage (2%), internal equipment (0.6%), and 
trapped fuel (0.3%) [7, 31]. These allowances are captured 
by the factor fV ,extra in Eq. (3). However, we do not allocate 
volume for boil-off resulting from heat leakage into the tank. 
The effect of this assumption on the optimization objectives 
and key performance indicators is quantified in Sect. 5.1

The longitudinal location of the main wing and the size of 
the horizontal tail surface are determined by considering the 
aircraft mass balance and the longitudinal stability and trim 
conditions [46]. The design routine computes the in-flight 
center-of-gravity (CG) excursion over the mean aerodynamic 
chord (MAC) as a function of the longitudinal wing position. 
Simultaneously, the stability constraints in cruise conditions 
and the trim conditions in approach (full flaps deployed) are 
assessed. These constraints provide an estimate of the hori-
zontal tail size area with respect to the reference wing area 
( Sht∕S ), for a given CG excursion. An internal optimization 
finds the wing position which minimizes the horizontal tail 
area, adhering to the imposed stability and trim constraints.

We determine the mass balance and CG excursion by 
first calculating the CG position corresponding to the 

(3)
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1

�r2
tank

[
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)
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Vtank =
mfuel,max

�LH2
⋅

(
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)

.

OEM. This step considers the relative, structural mass 
fractions of fuselage group components (fuselage, empen-
nage, and in the case of the hydrogen aircraft, the tank) 
and the wing group elements (wing and engines) and their 
relative positions. While the relative mass fractions for the 
kerosene concept can be taken from literature, these data 
are not available for hydrogen aircraft. Therefore, these 
mass fractions are updated throughout the iterations, as 
can be seen in Fig. 2 where the mass estimation module 
feeds the component masses mcomp,i back to the geometry 
module. Subsequently, the passengers and fuel are loaded, 
taking into account several loading scenarios: passenger 
loading from the front and back, full and empty fuel tank, 
and the ferry mission with full fuel tank and no passen-
gers. This process finds the largest, critical, in-flight CG 
excursion, which sizes the horizontal tail.

Compared to the kerosene aircraft, the liquid hydrogen 
counterpart with a tank in the aft fuselage section features 
a longer tail arm, but also a larger CG excursion. Addition-
ally, the stability constraint is updated according to the 
increase in fuselage length. The net effect is that for the 
same top-level requirements, the liquid hydrogen aircraft 
will have a larger horizontal tail size. This increases the 
OEM and increases the zero-lift drag, negatively influenc-
ing energy consumption.

The size of the vertical tail is determined through a 
fixed volume coefficient ( Vvt=0.085), based on statistical 
data [36]. A physics-based sizing approach to the vertical 
tail is considered outside the scope of the current study, 
since such analysis would require more knowledge about 
the design. Nevertheless, the effect of the longer fuse-
lage, among other effects, on the vertical tail area should 
be evaluated, taking into account lateral and directional 
stability constraints in various conditions, including one-
engine-inoperative and cross-wind situations.

The aspect ratios and taper ratios of the horizontal and 
vertical tails are taken from literature and are assumed to 
be equal for the kerosene and hydrogen aircraft. These val-
ues are summarized in Table 3. The quarter-chord sweep 
angle of the horizontal and vertical stabilizers is 3 and 10 
degrees, respectively, more than the main wing quarter-
chord sweep angle.

2.2.3  Aerodynamic analysis

The aerodynamic module provides an estimation of the air-
craft drag polar based on the external shape and size of the 
aircraft. The propulsion, mission, and Class-I sizing modules 
require this drag polar to size the propulsion system, evalu-
ate the fuel burn, and evaluate the performance constraints 
in Eq. (2). In this study, a quadratic drag polar is assumed 
according to the following formula:
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where CD0
 is the zero-lift drag coefficient, A is the aspect 

ratio, e is the Oswald factor, and CDw
 is the wave drag coef-

ficient. The zero-lift drag is computed as the sum of the 
minimum profile drag of all components (wing, fuselage, 
nacelles, and empennage) and the drag contributions due to 
excrescences or protuberances [30, 35], such as antennas and 
door intersections. The Oswald factor is determined from 
a statistical relation involving the design variable A [35]. 
The 5% increase in the product A ⋅ e is included to model 
the influence of wing tip devices that do not contribute to 
the wing span. This contribution is derived from the Airbus 
A320 winglet span.

Equation (4) provides an estimate of the drag coefficient 
in clean configuration (i.e., with all flaps and landing gear 
retracted). To correct this estimation in landing and take-
off settings, constant terms are added to CD0

 and e [35, 36]. 
Based on data provided by Roskam [36], the zero-lift drag 
is increased by 0.015 and 0.085 in take-off and landing con-
figuration, respectively. The contributions of the flaps to e 
are assumed to be equal to 0.05 and 0.10 during take-off and 
landing, respectively.

The last term in the drag polar equation accounts for the 
wave drag. This term accounts for transonic flow around the 
aircraft, an increase in drag when shocks are formed. In this 
approach, we only consider the wave drag of the wing [32]. 
The wave drag component is computed using the following 
equation according to the methods introduced by References 
[28, 32]:

where Mdd is the drag divergence Mach number at which the 
drag rise is 0.1 (i.e., �CD∕�M = 0.1 ). This Mach number is 
determined as follows:

(4)CD = CD0
+

C2
L

1.05�Ae
+ CDw

,

(5)
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where we assume a value of 0.935 for the airfoil technology 
factor ka . The parameter Cl,crit is the local critical lift coef-
ficient, which is presumed to be equal to the wing lift coef-
ficient divided by 0.9. t/c is the averaged thickness-to-chord 
ratio. This parameter and the quarter-chord sweep angle are 
determined from statistical relations [35] to minimize the 
wave drag at high subsonic conditions. When the design 
cruise Mach number increases and t/c reaches the lower limit 
of 0.10, the wave drag starts to increase more rapidly with 
the design Mach number.

The maximum lift coefficient of an aircraft, defined in 
the configuration with all high-lift devices fully deployed, 
is conceptually a function of the wing sweep angle and the 
type of flap system. Since the cruise Mach number drives the 
wing sweep, this design variable also limits the maximum 
achievable lift coefficient. In the conceptual framework, this 
reasoning is included through the following equality [30]:

2.2.4  Mass estimation

The convergence loop at the core of the optimization frame-
work ensures that the aircraft evaluated in the climate and 
cost modules is consistent in terms of mass and geometry. A 
key parameter in this convergence is the maximum take-off 
mass, which is the sum of the payload mass, fuel mass, and 
operating empty mass. While the first component is a top-
level aircraft requirement and the fuel mass follows from the 
mission analysis, the OEM has to be computed based on the 
aircraft configuration and expected loads. Especially in the 
case of hydrogen aircraft, the influence of the fuel tank on 
the OEM has to be taken into account.

In the current study, the Class-II methods introduced 
by Torenbeek [46] provide the necessary update of the 
OEM, albeit with adaptations for the hydrogen alternative. 
Although this reference does not provide any specialized 
methodology to size the hydrogen tank, the majority of the 
relations are expected to be valid, because they allow the 
analysis of configurations with a kerosene tank in the aft 
fuselage section. The main changes to the methodology 
occur in the estimation of fuselage mass, wing mass, tank 
mass, the mass of operational items, and airframe equip-
ment mass.

The first alteration is the elongation of the fuselage due 
to the integration of the hydrogen tank aft of the cabin, 
as discussed in Sect. 2.2.2. The structural fuselage mass 
estimation depends largely on the skin area, which auto-
matically increases with the length of the fuselage. The 

(6)Mdd =
ka

cos(Λ0.25)
−

t∕c

cos2(Λ0.25)
−

Cl,crit

10 cos3(Λ0.25)
,

(7)CLmax
= 2.8 ⋅ cosΛ0.25.

Table 3  Fixed design parameters for horizontal and vertical tail sur-
faces

Parameter [Unit] Value

Horizontal tail aspect ratio Aht [–] 5.0
Vertical tail aspect ratio Avt [–] 1.7
Horizontal tail taper ratio �ht [–] 0.4
Vertical tail taper ratio �vt [–] 0.6
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mass also scales with the cabin floor area. While in the 
conventional aircraft, this floor runs up to the tail section, 
in the case of the hydrogen aircraft this floor stops in front 
of the fuel tank. Hence, the floor area is approximately 
equal for both aircraft types, since the passenger require-
ments remain unaltered.

The analysis of the wing mass remains similar, with 
the main difference being the mass for which the wing 
is designed. The method from Reference [46] requires 
the maximum aircraft mass with zero fuel in the wings. 
For kerosene aircraft, this can be set equal to the maxi-
mum zero-fuel mass (MZFM), while for the hydrogen 
concept, the MTOM is expected to deliver more accurate 
results, since there is no fuel in the wings and thus no load 
alleviation.

In the existing framework, the mass of the operational 
items ( mops ) and airframe services and equipment ( mafse ) 
are set to a fixed percentage of the MTOM. Nevertheless, 
these masses should not differ between the kerosene and 
hydrogen alternatives since the cabin layout and passen-
ger services are unaltered. Therefore, it is decided to keep 
these masses constant for both aircraft types through-
out the optimizations, as can be seen in the input block 
above the airframe step in Fig. 1. The mass of the opera-
tional items and fixed equipment are set to approximately 
4770 kg and 8800 kg, respectively.

For the kerosene aircraft, the tank mass is included in 
the wing mass estimation. However, for the hydrogen air-
craft, an additional component has to be added to account 
for the heavier, cryogenic tanks. A conceptual approach is 
taken where the tank mass scales with the maximum fuel 
mass it can hold, using the definition of the gravimetric 
index or efficiency [49]

Note that in Reference [31], �grav is defined differently, 
namely as the ratio between the tank mass and the fuel mass. 
Although this results in different values for �grav , the tank 
and fuel mass ratios are similar among research projects 
[31]. The value of the gravimetric index varies depending on 
the tank design, but for a medium-range, narrow-body air-
craft the value of 0.773 (0.294 in Reference [31]) is selected 
based on previous designs in the literature [31, 49] and kept 
constant throughout the optimizations. This allows the com-
putation of the tank mass once the maximum fuel mass is 
known. The latter parameter is calculated in the mission 
analysis step from the desired ferry range. The influence of 
potential tank design options, such as venting pressure, tank 
shape, position, or insulation materials, is not examined in 
this research. However, Sect. 5.1 discusses the effect of the 
selected gravimetric index on the objective functions.

(8)�grav =
mfuel

mfuel + mtank

.

2.2.5  Propulsion

Based on the five engine design variables defined in 
Table 1, the thrust-to-weight ratio in take-off, and the 
drag polar, a preliminary turbofan is thermodynamically 
designed and sized. Both the kerosene- and hydrogen-pow-
ered aircraft utilize a two-spool turbofan engine with sepa-
rate exhausts. This thermodynamic model is required to 
estimate the fuel burn and emissions throughout the flight 
in steps 4 and 6 of the XDSM in Fig. 1, while the engine 
size and mass are employed to update the drag polar and 
OEM in step 2.

Based on the cruise conditions, the thermodynamic 
cycle is determined by the parametric analysis module of 
Fig. 3. Subsequently, an off-design analysis is performed 
to find the required fuel flow for a given thrust at key 
points in the mission. Both the on-design and off-design 
point analyses are executed employing the strategies laid 
out by Mattingly et al. [29], and the variable specific heat 
model introduced by Walsh and Fletcher [50].

In the case of hydrogen combustion, two changes are 
implemented in the thermodynamic model of the turbofan 
engine. First of all, when replacing kerosene with hydro-
gen, the lower heating value (LHV) increases from 43.6 
MJ/kg to approximately 120 MJ/kg. Second, since the 
composition of the combustion gases changes, character-
ized by the lack of carbon dioxide and increased water 
vapor content, the variable gas model is adapted. In par-
ticular, the values for the specific heat at constant pressure 
( cp ), the specific enthalpy (h), and the temperature-depend-
ent fraction of entropy ( � ) as functions of temperature 
are modified. The new relations, applicable through the 
turbines and the exhaust, are derived as follows:

where the fi factors represent the fractions between the mass 
flow of compound i and the total core mass flow aft of the 
combustion chamber. These fractions follow from the sim-
plified chemical equilibrium of hydrogen combustion and 
the fuel-to-air ratio, far = ṁH2

∕ṁair,in , where ṁair,in is the air 
mass flow at the inlet of the combustor. Assuming the air 
at the inlet of the combustor consists purely of oxygen and 
nitrogen, the following simplified chemical reaction occurs:

From this reaction, the approximate stoichiometric fuel-to-
air ratio can be computed

(9)

cp(T) = fH2O
⋅ c

p,H2O
(T) + fN2

⋅ c
p,N2

(T) + fair ⋅ cp,air(T)

h(T) = fH2O
⋅ hH2O

(T) + fN2
⋅ hN2

(T) + fair ⋅ hair(T)

�(T) = fH2O
⋅ �H2O

(T) + fN2
⋅ �N2

(T) + fair ⋅ �air(T)

R = fH2O
⋅ RH2O

+ fN2
⋅ RN2

+ fair ⋅ Rair,

(10)2H2 + (O2 + (79∕21)N2)− > 2H2O + (79∕21)N2.
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where MH2
 , MO2

 , and MN2
 are the molar masses of hydro-

gen, oxygen, and nitrogen, respectively. The fractions fi in 
Eq. (9) can be determined by considering a mass balance 
over the combustor

leading to

The value of far is not the same as the stoichiometric fuel-to-
air ratio as not all core airflow entering the combustor takes 
part in the combustion process. Together with the gas model 
relations of water, nitrogen, and air provided by Walsh and 
Fletcher [50], these fractions define the gas model aft of the 
combustor according to Eq. (9). The verification of this gas 
model is discussed in Sect. 3.

Additional assumptions are made to simplify the thermo-
dynamic modeling, including constant component efficien-
cies, no cooling flows, and no power or bleed air offtake. 
The validity of these assumptions is tested and discussed 
in earlier research [35]. Furthermore, in the case of liquid 
hydrogen, the fuel may have to be heated prior to combus-
tion, which may be done through a heat exchanger or by 
cooling the turbines. However, this latter aspect is consid-
ered out of scope in the current conceptual study.

The relation for the mass of the engines is assumed to 
be the same for both the kerosene and hydrogen engines 
but does take into account the mass variation due to bypass 
ratio, overall pressure ratio, and ingested mass flow [13, 
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35]. Although the hydrogen turbofan may feature a heat 
exchanger to gasify the liquid hydrogen, the combustion 
chamber can be made shorter due to the reduced residence 
time [34, 42]. The impact of these changes on the engine 
mass is not accounted for.

2.2.6  Mission analysis

The aim of the mission analysis in the framework of Fig. 1 
is primarily to provide an update of the required fuel mass 
at the harmonic design point (i.e., the maximum achievable 
range at maximum structural payload), such that the MTOM 
can be updated in the convergence loop. Second, it also cal-
culates the maximum fuel mass to fulfill the ferry range 
( rferry ) requirement. Although kerosene aircraft often have 
enough storage volume in the wings, the volume required 
to store the maximum amount of hydrogen fuel is critical 
in sizing the tank, and subsequently the fuselage and wing.

The assumed mission profile is displayed schematically 
in Fig. 5 and features, besides the nominal climb and cruise 
phases (2 and 3 in Fig. 5), also diversion and loiter phases 
(phases 5 to 8 in Fig. 5). We select a conservative diversion 
range of 250 nmi suitable for long-range missions. A total 
loiter time of 35 min at 457 m (1500 ft) is taken, correspond-
ing to 30 min of final reserve fuel and 5 min of contingency 
fuel. This fuel policy is set up according to the Easy Access 
Rules for Air Operations provided by the European Union 
Aviation Safety Agency (EASA), in particular in Section 
AMC1 CAT.OP.MPA.150(b).

The mission fuel mass is estimated through the lost-range 
method introduced by Torenbeek [45]. This method calcu-
lates the ratio between the fuel and total take-off masses as 
a function of cruise range, propulsion efficiency, and lift-to-
drag ratio, and applies corrections to account for take-off, 
climb, and maneuvering phases [35]. The method can be 
adapted for hydrogen by implementing the correct LHV in 
the calculation of RH , the range-equivalent calorific value. 
Since the statistical estimates for the diversion and loiter 
phases, as indicated in Fig. 5, do not uphold for hydrogen 
aircraft, the estimates are replaced by the respective Breguet 
equations. Furthermore, the hydrogen fuel mass required for 

8, 35 min loiter
hcr

457 m
(1500 ft)

rcr 460 km
(250 nm)

0 1 2 3 4 5 6 7 9 10

Fig. 5  Studied mission profile (flown distance versus altitude), 
adapted from [35]
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maneuvers in the lost-range method is scaled by the lower 
heating value as follows:

The lost-range method does not suffice for the climate 
impact evaluation, since the climate impact of NOx emis-
sions and contrail formation are dependent on engine off-
design performance and altitude. Therefore, a separate 
mission analysis is performed during the climate impact 
evaluation which employs simplified flight mechanics and 
numerical integration. This mission analysis is computation-
ally more expensive and is therefore not evaluated during the 
aircraft synthesis iterations to save time.

A comparison of the fuel mass estimates obtained from 
the two methods shows that the lost-range method mar-
ginally overpredicts the mission fuel mass. The lost-range 
method results in a 1–4% larger mission fuel mass, without 
the reserve mission phases, for both the kerosene and hydro-
gen aircraft. If we consider the detailed mission analysis to 
be a more accurate representation of reality, this overpredic-
tion in the aircraft design loop leads to heavier aircraft due to 
the snowball effect. This in turn increases the climate effects 
which scale with fuel burn. Nevertheless, since the excess 
fuel mass is limited to 4%, the overestimation of MTOM is 
smaller. Therefore, we expect that the overall penalty, intro-
duced by the use of two different methods, is limited.

2.2.7  Global warming impact evaluation

Once the evaluation of the previous disciplines has yielded a 
consistent aircraft design, a climate impact and cost assess-
ment of the concept can be made. Based on these assess-
ments, the optimizer defines a new design vector to march 
toward the optimal design. This study combines the climate 
effects of several climate agents, including carbon dioxide, 
nitrogen oxides, contrails, water, and aerosols, into one com-
prehensive metric, namely the average temperature response 
over a period of H years, defined as follows:

where ΔT(t) is global mean surface temperature response 
in year t. This metric is computed for a hypothetical, 
future operations scenario which is further elaborated in 
Sect. 2.3. A period H of 100 years is selected to have a 
balanced assessment of long- and short-term effects. ΔT(t) 
is computed through a linear temperature response model 
which, for kerosene aircraft, is described in Reference [35] 
and based on the model provided by Schwartz Dallara et al 
[39]. The following paragraphs discuss the changes that 
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1
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H

0

ΔT(t) dt,

are applied to this model to assess the climate impact for 
hydrogen aircraft. The most prominent changes come from 
the elimination of carbon dioxide, soot, and sulfur oxide 
emissions. The former two eliminations are caused by the 
lack of carbon atoms in the fuel, while the latter emissions 
are eradicated, because hydrogen can be produced free of 
sulfur [43].

Nitrogen oxides

Nitrogen oxide emissions are still produced in the com-
bustion of hydrogen due to the presence of nitrogen in the 
air and the relatively high temperatures in the combustion 
chamber. Nevertheless, hydrogen features wider flammabil-
ity limits and higher flame speeds than kerosene, allowing a 
decrease in flame temperature and a reduction in residence 
time, both curtailing the formation of NOx [25]. It is esti-
mated that these aspects can reduce the NOx emissions by 
50–80% [9, 43] through, for example, lean direct injection 
or micro-mixing technologies [10, 20, 26]. To evaluate the 
hydrogen-variant aircraft in this study, the emissions per unit 
of energy are assumed to reduce by 65%, while the interval 
boundaries are studied in Sect. 5.2.

Although the NOx emissions are reduced, several radia-
tive forcing effects remain. The current model captures 
three consequences due to NOx : first, short-lived ozone 
( O3S ) is created, leading to a warming effect. Second, in 
the long term, methane ( CH4 ) and long-lived ozone ( O3L ) 
are depleted, causing a cooling effect. The influence of NOx 
emissions on the mean surface temperature change ΔT  is 
assessed using the same model for both kerosene and hydro-
gen aircraft [35]. Although a reduction in stratospheric water 
vapor is expected due to NOx emissions [24], this is not 
considered in the current study.

Water

The water vapor emissions in the case of hydrogen are sig-
nificantly higher. The emission index of water vapor can be 
derived from the chemical reaction in Eq. (10) and amounts 
to 8.93 kg per kg of hydrogen. This is approximately 
seven times as high as for kerosene ( EIH2O

= 1.26kg∕kg ). 
Computing the water vapor per unit of energy yields 
7.44 × 10−2 kg∕MJ and 2.93 × 10−2 kg∕MJ for hydrogen and 
kerosene, respectively, a difference of approximately 61%.

The radiative forcing per unit of emitted water mass 
is assumed to be equal for both aircraft types, namely 
7.43 × 10−15 W∕(m2kg) . Hence, the relative contribution 
of water vapor to the total climate impact is expected to 
increase when shifting from kerosene to hydrogen. In the 
model, water emissions are treated as a short-lived gas in the 
atmosphere, although the lifetime varies with altitude [43].



 P. Proesmans, R. Vos 

Contrails

The increased water vapor content also performs an impor-
tant role in the formation of contrails behind hydrogen air-
craft. A higher water vapor emission index tends to increase 
the probability of contrail formation [27]. Nevertheless, due 
to the lack of aerosol emissions, such as soot, the contrail 
properties are expected to change. These two effects are 
treated separately in the current model implementation.

Contrails are formed because the exhaust gases from the 
turbofan engines are hot and humid compared to the atmos-
pheric conditions in which aircraft typically operate, i.e., at 
altitudes in the upper troposphere or lower stratosphere, with 
cold and dry air. Under certain atmospheric conditions, ice 
crystals can form around aerosols which act as nuclei. These 
conditions are that the ambient temperature is lower than the 
threshold of 235K (– 38 ◦ C) and that the Schmidt–Apple-
man criterion is satisfied [38]. This criterion verifies whether 
the exhaust gases during the mixing process with ambient 
air reach saturation with respect to liquid water. This mix-
ing process for a turbofan engine can be modeled as a linear 
relationship between the water vapor partial pressure pH2O 
and the temperature T of the mixing gas

where the slope G is dependent on the emission index of 
water, the engine’s overall efficiency, and the lower heating 
value of the fuel. A higher slope results in a larger contrail 
formation probability, because saturation with respect to 
liquid water is more likely to occur. In the case of hydrogen 
fuel, the slope increases due to more water vapor emissions, 
and it decreases because of the higher calorific value. Fur-
thermore, the exhaust gas composition influences the effi-
ciency, although this effect is lower in magnitude.

Due to a lack of soot emissions in the case of hydrogen 
combustion, also the contrail properties change. A smaller 
amount of ice crystals develops initially, although they are 
larger in size [8, 27, 43]. These aspects in turn reduce the 
optical depth of the contrails and decrease their lifetime, 
which lowers the resulting radiative forcing. Based on the 
literature [8], a 70% reduction in radiative forcing due to 
contrails is assumed in this study compared to kerosene air-
craft, corresponding to a reduction of 90% in initial ice par-
ticle number. For the regular, kerosene-based climate model, 
a radiative forcing of 1.82 × 10−12W∕(m2km) is assumed for 
contrails [24].
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2.2.8  Cash operating cost

Discipline 7 in Fig. 1 assesses the financial operating cost 
of the aircraft design. Although the operating cost of a 
hydrogen aircraft are still uncertain, it is important to put 
the potential climate impact saving into perspective. In the 
current study, the financial objective function consists of 
the cash operating cost which includes costs related to flight 
and maintenance and which are computed according to the 
cost models introduced by Roskam [37]. Other categories, 
such as depreciation, fees, and financing costs, are excluded 
from this analysis to further limit uncertainty. All costs are 
expressed in US dollars (USD). In the following paragraphs, 
the flight and maintenance costs are elaborated.

Flight costs

The costs related to executing missions are divided into three 
categories: fuel and oil, crew, and insurance. The fuel costs 
are derived directly from the fuel consumption during the 
selected mission. For the kerosene aircraft, the fuel price 
is assumed to be 2.71 USD/US gallon. The cost of sustain-
able liquid hydrogen is taken to be 4.40 USD/kg (2030 price 
level) [17], which translates into 1.18 USD/US gallon, cor-
responding to a decrease of 56% in cost per unit of volume. 
However, when considering the price per unit of energy, 
hydrogen is 54% more expensive.

It is recognized that especially this category bears a lot of 
uncertainty, since fuel prices can be volatile. Some aspects 
that will perform an important role are the local availabil-
ity of hydrogen and the means of transport to the airport, 
while the kerosene price may also vary due to future tax 
schemes, among other influences. Therefore, the sensitivity 
of the results to these assumptions is evaluated in Sect. 5.3. 
The cost of oil is set to 60 USD/US gallon with a density of 
7.4 lb/US gallon ( 887 kg/m3 ). The total oil mass is linearly 
related to the number of engines and the block time ( tbl ) 
[37].

The crew costs are equal for both aircraft types and scale 
linearly with the block time and therefore inversely with 
the block speed ( vbl ). Lower cruise speeds result in longer 
flight times for a given trip, increasing the cost of cockpit 
and cabin crews. The following annual salaries are assumed: 
277,000 USD for the captain,1 188,000 USD for the first 
officer and 43,160 USD for each cabin crew member2 [35]. 
All crew members are expected to fly 1000 h annually.

An annual insurance cost of 0.56% of the market price 
is assumed, where the latter is calculated according to the 

1 URL https:// epicfl ight acade my. com/ airli ne- pilot- salary/ retrieved 
on 24/11/2020.
2 URL https:// www. indeed. com/ cmp/ Ameri can- Airli nes/ salar ies/ 
Flight- Atten dant retrieved on 24/11/2020.

https://epicflightacademy.com/airline-pilot-salary/
https://www.indeed.com/cmp/American-Airlines/salaries/Flight-Attendant
https://www.indeed.com/cmp/American-Airlines/salaries/Flight-Attendant
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relation derived in Reference [35]. Since the market price 
of future hydrogen aircraft is unknown at the time of writ-
ing, it is considered to be equal to the price of a kerosene 
aircraft. Although this may lead to an underestimation of 
the insurance costs, this category often performs a minor 
role in the overall cost picture compared to, for example, 
fuel and crew costs.

Maintenance

In the calculation of the maintenance expenses, no distinc-
tion is made between the two aircraft types. The costs are 
split up into the expenses associated with the airframe and 
the expenses required to maintain the engines, both requir-
ing labor hours and materials. For either category, the labor 
costs of a technician ( rlab ) are estimated to be 33 USD per 
hour.3 The total maintenance hours are related to the air-
frame mass and engine take-off thrust for the airframe and 
engines, respectively, according to the relations provided 
by Roskam.

The cost of spare materials is also calculated according 
to the methods prescribed by Roskam, assuming 5000 flight 
hours between engine repairs and a spare part price factor of 
1.0 compared to the original material. Furthermore, a cost 
for the maintenance burden is included [37], which accounts 
for any overhead costs related to maintenance activities.

The choice of maintenance cost model can also influence 
the cost-optimal design choices. This is caused by different 
sensitivities with respect to engine mass, bypass ratio, and 
overall pressure ratio, among other variables. This causes 
the relative importance of the different cost contributions to 
vary between models. The impact of the choice of mainte-
nance cost estimation model is therefore further discussed 
in Sect. 5.3.

2.3  Future fleet scenario

Since the climate impact is assessed over a period of 100 
years, considering both long- and short-lived effects, a hypo-
thetical, multiyear fleet scenario is defined. This scenario 
considers the introduction of a new medium-range, narrow-
body aircraft in the year 2020. The top-level requirements 
for this aircraft are summarized in Table 4. These require-
ments and specifications are similar to those of the Airbus 
A320-200 [2, 19].4 Although the aircraft is designed for the 
specified harmonic range and payload combination, the per-
formance is evaluated for a mission of 1852 km (1000 nmi) 
with a payload of 13 metrics tons, corresponding to 130 

passengers. This mission represents a frequently operated 
payload-range combination for the studied aircraft category 
[16].

The production of the aircraft model starts in 2020 and 
continues until the year 2050. Each aircraft has a lifetime of 
35 years, leading to a reduction in the fleet size after the year 
2055 and a complete fleet retirement in 2085. Between 2050 
and 2055, the fleet size is constant and at its maximum. In 
this period, an annual, fleet-wide productivity of 3.95 × 1012 
revenue passenger kilometer (RPK) is assumed based on 
past flight operations [44] and future projections [1, 6]. This 
productivity determines the total number of aircraft required 
in that 5-year period according to the following relation [35]:

where it is assumed that the annual utilization of a medium-
range aircraft is approximately 3900 h per year. This rela-
tion simulates that the number of required aircraft to meet 
the productivity constraint is linearly related with the block 
time and therefore inversely related with the cruise speed 
of the aircraft.

3  Verification

The verification of the design and analysis framework intro-
duced in Sect. 2.2 has been discussed in previous research 
[35]. The current section aims to verify whether this simpli-
fied model introduced in Sect. 2.2.5 accurately estimates the 
gas properties of hydrogen combustion products. Therefore, 
the model is compared to data provided by Verstraete [47] 
and Sethi [40]. Figure 6a–c shows the comparison for three 
key parameters from Eq. (9). It appears that the model agrees 
well with the data up to temperatures of around 2000 K. 
Beyond this temperature, chemical dissociation takes place, 
which is not captured by the current model. Nevertheless, 
since turbine temperatures are limited to 2000 K, this does 
not pose an issue. Additionally, the enthalpy and entropy 

(19)

NAC, 2050 =
Productivity2050[RPK]

Capacity [passengers / flight] ⋅ rbl[km]
⋅

tbl[h]

Uann[h]

=
3.95 ⋅ 1012

130 ⋅ 1852
⋅

tbl

3700
,

Table 4  Top-level aircraft requirements employed for the aircraft 
design [2, 19]

Requirement [Unit] Value

Maximum structural payload [metric tons] 18.2
Harmonic range [km (nmi)] 3200 (1730)
Ferry range [km (nmi)] 6750 (3645)
Approach speed [m/s (kts)] 70.0 (136)
Take-off length (ISA conditions) [m (ft)] 2100 (6890)

3 URL https:// www. indeed. com/ career/ aircr aft- mecha nic/ salar ies 
retrieved on 30/08/2022.
4 URL https:// books ite. elsev ier. com/ 97803 40741 528/ appen dices/ 
data-a/ table-1/ table. htm retrieved on 25/08/2022.

https://www.indeed.com/career/aircraft-mechanic/salaries
https://booksite.elsevier.com/9780340741528/appendices/data-a/table-1/table.htm
https://booksite.elsevier.com/9780340741528/appendices/data-a/table-1/table.htm
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data in Fig. 6b and c, respectively, consider a non-zero 
water-to-air ratio which explains a minor underestimation 
(2-5%) of the model in the graphs.

4  Results

With the methods introduced above, we initiate design 
optimizations for different objectives. The three objectives 
of interest in this study are the climate impact, measured 
by ATR100 , the cash operating cost (COC), and the energy 

consumption ( Efuel ), which relates directly to the fuel con-
sumption. This chapter presents the optimized designs in 
Sect. 4.1 and compares the performance of the kerosene 
and hydrogen concepts in Sect. 4.2.

4.1  Optimized aircraft solutions

This section presents the optimized aircraft solutions 
and discusses the rationale behind the design decisions. 
Table 5 introduces the design vectors that lead to the min-
imization of the respective objectives for the kerosene 

Fig. 6  Verification of gas model 
parameters as functions of tem-
perature for hydrogen combus-
tion products (far = fuel-to-air 
ratio)
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and hydrogen aircraft. For clarity, the optimal solutions 
designs are treated first per fuel type, after which a com-
parison is provided in Sect. 4.2.

4.1.1  Kerosene

The optimization of kerosene aircraft for cost, fuel burn, 
and climate objectives was the focus of previous research 
[35], and therefore, the design solutions are not discussed 
elaborately in the current section. The objective function 
values and relative differences are summarized in Table 6. 
On the diagonal of the table, the minimum values are 
shown for each objective function. Off-diagonal entries 
show the relative change in each performance metric listed 
in the left column when the aircraft is optimized for the 
performance metric in the header row, marked with an 
asterisk.

Table 5 presents the optimal design vector for the cost-
optimal aircraft. It can be observed that the cruise Mach 
number is higher than for the other objectives, reducing the 
mission block time and, as a consequence, the crew and 
maintenance costs. This Mach number leads to the maxi-
mum lift coefficient of 2.49. The engine features an OPR of 
approximately 59.9, which is close to the maximum allowed 
value of 60 and higher than for climate-optimal solution 
(42.0). The bypass ratio of 8.43, which is lower than for 
the energy- and climate-optimal aircraft, provides a balance 

between fuel consumption and engine mass, which drives 
the related maintenance costs. Although the cost-optimal 
kerosene aircraft design is similar to current medium-range 
aircraft, its bypass ratio and aspect ratio are slightly lower 
than current trends. It is expected that this is partially caused 
by the selected model for maintenance cost. This aspect is 
further discussed in Sect. 5.3.

The kerosene, cost-optimal aircraft has the largest climate 
impact of all cases considered in this paper. The main con-
tributors to the climate impact of this aircraft are persistent 
contrail formation, carbon dioxide emissions, and nitrogen 
oxide emissions at altitude. Compared to the energy-opti-
mal, kerosene aircraft, the CO2 emissions are higher due 
to the higher fuel consumption. When the climate objec-
tive is selected for the kerosene aircraft optimization, the 
aircraft flies lower and slower and features a lower engine 
OPR. These changes reduce the ATR100 by approximately 
64%. The lower cruise altitude prevents the formation of 
persistent contrails and reduces the radiative forcing due to 
ozone creation as a consequence of NOx emissions. Addi-
tionally, the lower engine OPR reduces the emissions index 
of NOx . However, these changes also lead to a reduction 
in turbofan efficiency and non-optimal fuel consumption. 
This makes the CO2 emissions the largest contributor to the 
climate impact of the climate-optimal, kerosene aircraft. For 
this reason, it is expected that liquid hydrogen can further 
reduce the climate impact.

Table 5  Optimized design 
variables for the three design 
objectives

Variable [Unit] Kerosene Liquid hydrogen

ATR COC Energy ATR COC Energy

A [–] 11.2 7.72 11.5 10.3 10.3 11.3
W/S [ kN/m2] 5.53 5.30 5.95 5.42 5.15 5.50
BPR [–] 10.9 8.43 10.0 10.0 8.83 9.77
Πfan [–] 1.39 1.69 1.55 1.53 1.75 1.70
Πlpc [–] 1.48 1.58 1.56 1.56 1.67 1.50
Πhpc [–] 20.4 22.3 24.1 21.7 20.5 22.3
TET [ 103 K] 1.38 1.52 1.43 1.46 1.47 1.47
hcr [km] 6.01 9.74 10.4 6.02 10.9 10.8
Mcr [–] 0.508 0.802 0.726 0.575 0.760 0.720

Table 6  Optimized objective values and the relative change with 
respect to minima obtained for the kerosene aircraft

Parameter [Unit] ATR ∗ COC∗ Energy∗

ATR [mK] 8.3∗ (–) 23.2 (+180%) 21.6 
(+161%)

COC [ 1012 USD] 9.7 (+17%) 8.3∗ (–) 8.6 (+3%)
Energy [ 1012 MJ] 4.54 (+8%) 4.69 (+11%) 4.22∗ (–)

Table 7  Optimized objective values and the relative change with 
respect to minima obtained for the hydrogen aircraft

Parameter [Unit] ATR ∗ COC∗ Energy∗

ATR [mK] 0.2∗ (–) 6.3 (+2494%) 6.2 
(+2446%)

COC [ 1012 USD] 11.5 (+9%) 10.6∗ (–) 10.6 (0%)
Energy [ 1012 MJ] 4.83 (+9%) 4.53 (+3%) 4.41∗ (–)
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4.1.2  Liquid hydrogen

In Table 7, the optimization results for the three different 
objectives are shown. This shows that the absolute minimal 
ATR value for a fleet of medium-range, liquid-hydrogen 
aircraft is estimated to be approximately 0.2 mK. However, 
if the objective function changes to minimum energy con-
sumption or cash operating cost, the average temperature 
response is an order of magnitude higher. The trade-off 
between the cost- and climate-optimal designs is presented 
graphically in Fig. 7.

The climate-optimal, hydrogen aircraft is characterized 
by its low cruise altitude ( hcr = 6.0 km ) and Mach number 
( Mcr=0.58). First, this low-altitude operation eliminates con-
trail formation, since the criteria are not met according to 
the ISA model. Contrails have the largest contribution to 
the climate impact of hydrogen aircraft, and their elimina-
tion thus largely reduces the average temperature response. 
Second, the impact of NOx emissions is also minimized at 
this altitude, even leading to potentially negative radiative 
forcing in the long term.

These two effects can be observed in Fig. 8 where the 
variation in radiative forcing and ΔT  over the considered 
period are shown for the three climate agents. It can be 
deduced that the elimination of the persistent contrails in 
the ATR-optimal case significantly reduces the tempera-
ture response. While the long-term effects of NOx , namely 
methane and ozone depletion, cause the radiative forcing 
to become negative for all three objectives, it only causes 
a negative temperature response for the climate-optimal 
design due to its low-altitude operation. These two effects 

lead to a difference of an order magnitude in ATR between 
the climate-optimal solution and the other two designs. The 
influence of water vapor as a greenhouse gas is comparable 
for all three hydrogen aircraft, although the contribution to 
ATR100 is larger than for kerosene aircraft. The residence 
time of water vapor in the atmosphere increases with alti-
tude, which is not considered in the current climate model. 
Therefore, it is expected that the climate impact of H2O will 
be higher for the aircraft operating at higher altitudes, such 
as the energy- and cost-optimal designs, compared to the one 
operating at approximately 6.0 km of altitude.

The climate-optimal aircraft features an unswept wing 
with an aspect ratio of 10.3 and the maximum achievable 
CLmax

 of 2.80, which is facilitated by the Mach number of 
0.58. The wing loading is not set to the maximum value lim-
ited by the approach speed, but rather close to the W/S value 
which minimizes the TTO∕W  ratio. This occurs at the inter-
section of the OEI climb and take-off constraints. A bypass 
ratio of 10.0 is selected with an OPR of 51.8. This combi-
nation minimizes the combined impact of NOx and water 
vapor emissions. In the selection of the engine variables, two 
aspects have to be considered: first, the fuel consumption 
has to be reduced to lower the total emissions, in particular 
those of water vapor. Second, a high OPR will lead to an 
increased emission index of NOx . These two considerations 
have to be balanced. Also, since the NOx emissions at this 
altitude lead to a cooling effect, the optimizer does not try 
to minimize fuel burn but makes use of slightly higher abso-
lute NOx emissions to increase this radiative cooling effect. 
Nevertheless, a realistic alternative would be to focus on fuel 
burn reduction while operating at this altitude.

The cost-optimal hydrogen aircraft features the highest 
cruise Mach number (0.76) and cruise altitude ( 10.9 km ) of 
the three hydrogen aircraft. The higher cruise velocity, com-
pared to the climate-optimized solution, is crucial to lower-
ing the time-related operating cost. The altitude is increased 
simultaneously to achieve a near-optimal lift-to-drag ratio to 
minimize energy consumption. The wing features a quarter-
chord sweep angle of 23 degrees as a consequence of the 
selected cruise Mach number. This limits the achievable 
CL,max to 2.58 in landing configuration and, as a result, the 
wing loading. The wing loading is not set to the maximum 
value allowed for the approach, allowing for a lower T/W at 
take-off. The aspect ratio of 10.9 does not reach the upper 
limit of 12, although the span limit is almost reached. The 
optimizer selects a bypass ratio of 10.9 in combination with 
an OPR of 60, which is the upper limit.

The energy-optimal aircraft features similar design char-
acteristics as the cost-optimal aircraft, since the operating 
cost of the hydrogen aircraft is largely driven by the fuel 
cost. The energy-optimal aircraft cruises at an altitude and 
Mach number in between the climate- and cost-optimal solu-
tions. A Mach number of 0.72 is selected, requiring less 
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sweep than the cost-optimal aircraft and allowing a higher 
maximum lift coefficient. This allows for a higher wing 
loading, compared to the cost-optimal case, and therefore a 
higher aspect ratio. The wing loading is set to the maximum 
value allowed to facilitate an approach speed of 70m∕s . 
With an aspect ratio of 11.3, the wing planform reaches the 
span limit of 36m . Also, the buffet constraint is active. With-
out considering the engine maintenance costs, the optimizer 
is free to further increase the engine bypass ratio with an 
OPR value of 57.

Figure 9 presents the overlapping top views of the three 
different hydrogen aircraft. The geometries of the cost- and 
energy-optimal concepts are rather similar, although the 
energy-optimal aircraft has a slightly more slender wing and 
a lower sweep angle. A clear distinction with the climate-
optimal aircraft can be observed. First, the quarter-chord 
wing sweep is zero due to the lower cruise Mach num-
ber. Second, the fuselage of the climate-optimal aircraft 
is slightly longer. The climate-optimal aircraft features an 
engine with lower overall efficiency, due to its operating con-
ditions, resulting in a lower range parameter ( p = �ov ⋅ L∕D ). 
This leads to deteriorating fuel consumption and an increase 
in the fuel mass required to achieve the ferry range. Since 
the fuel tank is sized for this maximum fuel capacity, the 
fuselage is longer, in turn leading to more friction drag and 
worsening the range parameter further. It is expected that 
in this case, relaxing the ferry requirement would lead to 

Fig. 8  Contribution of indi-
vidual climate agents to radia-
tive forcing (RF) and surface 
temperature change ( ΔT  ) for 
the optimized hydrogen aircraft. 
The title above each column 
indicates the optimization 
objective that has been used to 
design the aircraft
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improved flight performance and climate impact, while still 
being able to serve a large part of the payload-range enve-
lope of the Airbus A320-200, for example.

Figure 10 presents the payload-range diagrams for the 
optimized hydrogen aircraft and compares them to the dia-
gram of the Airbus A320-200. It can be observed that all 
three hydrogen aircraft have a wider payload-range capa-
bility than the Airbus A320-200, caused by the harmonic 
and ferry range requirements and the higher calorific value 
of hydrogen. The latter allows achieving a larger range 
increase with a lower exchange of payload for fuel mass, 
compared to kerosene. The payload-range envelop of the 
climate-optimal, hydrogen aircraft also reveals its margin-
ally worse cruise performance compared to the two other 
designs because of the lower range parameter.

4.2  Comparison between kerosene and liquid 
hydrogen aircraft

Whereas the previous section focused on the optimized 
results and the aircraft design rationale behind them, the 
current section aims to investigate how the liquid hydro-
gen alternative compares to the kerosene solution in terms 
of cost, climate impact, and other performance indicators. 
These performance indicators are presented in Table 8.

By examining the data provided in Tables 6 and 7, it can 
be concluded that with respect to the cost-optimal, kerosene 
aircraft, the cost-optimal hydrogen aircraft can achieve a 73% 
decrease in average temperature response for the period under 
consideration, at a 28% cash operating cost increase (assum-
ing a liquid hydrogen price of 4.40 USD/kg). An even larger 
climate impact reduction can be achieved by optimizing mini-
mum climate impact, yielding a 99% reduction in ATR100 with 
an approximate 39% increase in cost. The trade-off between 
climate impact and cash operating cost for each aircraft type, 
and between them, is graphically represented by the Pareto 
fronts in Fig. 11, where also the influence of varying fuel 
prices is shown. The reason for this immense climate saving 
potential stems from the eradication of CO2 emissions and 
reduction in NOx emissions, as well as the different contrail 
properties. The cost increase follows mainly from the liquid 
hydrogen price. On the other hand, the ATR-optimized hydro-
gen aircraft does consume 5% more energy than the energy-
optimized hydrogen aircraft and 17% more energy than the 
energy-optimized kerosene aircraft. Since the climate-optimal, 
hydrogen aircraft suffers from this energy penalty, it also has 
the largest tank of all three objectives and therefore the long-
est fuselage.

Table 8 presents the performance indicators and geomet-
ric parameters for all optimized aircraft. It can be observed 
that the hydrogen aircraft feature, on average, a 5% lower 
maximum take-off mass and a 9% increase in operating 
empty mass compared to the kerosene counterparts. This is 

primarily caused by the addition of the large fuel tank and 
the resulting stretch of the fuselage ( lfus in Table 8). The 
wing areas are rather similar for all solutions. While the 
hydrogen aircraft have a lower MTOM, the wing loading is 
also lower because of the higher maximum landing mass. 
Therefore, the net difference in wing area is quite small com-
pared to the kerosene aircraft.

From a flight performance perspective, the climate- and 
energy-optimal hydrogen aircraft are characterized by a 
lower lift-to-drag ratio in cruise than their kerosene coun-
terparts. This is largely caused by increased friction drag 
due to the longer fuselage and larger horizontal tail area. For 
the energy-optimal aircraft, the wetted area of the fuselage 
with a hydrogen tank is approximately 18% higher than the 
wetted area of the regular fuselage. On the other hand, the 
cost-optimal, kerosene aircraft features a lower lift-to-drag 
than its hydrogen alternative (16.7 versus 17.9). The reason 
for this is that reducing the fuel cost is more important for 
the hydrogen aircraft than for the kerosene aircraft, for which 
the time-bound cost is relatively more important. Therefore, 
the design of the cost-optimal hydrogen aircraft resembles 
its energy-optimized variant more closely than the kerosene 
aircraft, resulting in a higher aerodynamic efficiency.

The engine performance of the hydrogen aircraft sees a 
62–66% lower thrust specific fuel consumption due to the 
higher calorific value of hydrogen. The energy consump-
tion of the energy-optimal, hydrogen aircraft is 4% higher 
than for the kerosene alternatives. For the cost-optimal air-
craft, this trend is again different due to the different relative 
importance of fuel efficiency.

Finally, Table 8 also provides an estimate of the block 
time tbl of the selected mission, as well as the total num-
ber of aircraft Nac,max to be produced. These numbers vary 
between the objectives, with slower flying designs resulting 
in higher block times and more aircraft to meet the required 
productivity level.

5  Sensitivities and uncertainties

The hypothetical future aircraft designs and scenario 
discussed in this paper rely on assumptions that have an 
influence on the objective functions and possibly also the 
obtained design vector. The aim of this section is to quantify 
the effect of assumptions related to hydrogen technology, 
climate modeling, and cost estimation, on the three objective 
functions considered in the previous section.

5.1  Hydrogen technology uncertainty

The first uncertainty is introduced in the conceptual 
design process of liquid hydrogen aircraft. Although sev-
eral research projects have looked more closely into the 
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integration of liquid hydrogen tanks and their mass estima-
tion [20, 21, 31, 49], only several aircraft employing hydro-
gen as fuel have been realized [12]. We made assumptions 
with respect to the mass of the tank, which is determined 
using the gravimetric index, the extra volume allowance, 
and the geometry of the tank domes.

Figure 12a shows the sensitivity of the three objectives 
with respect to the gravimetric index for the cost-optimized, 
hydrogen aircraft. The standard value is taken to be 0.773, 
which is varied between – 14% (0.661) and 3% (0.797), 
associated with varying design choices [31] and technology 

scenarios. This value is dependent on the design choices of 
the tank, such as venting strategy and insulation material 
choice. From the figure, it can be seen that the gravimet-
ric index has a limited influence on the objective functions, 
staying within the interval of 3 to – 1%, for the cost-optimal 
aircraft. Although the influence on the operating empty 
mass is marginally larger (up to 4%), this does not appear to 
propagate significantly through the other design and analyses 
disciplines.

The sensitivity with respect to the ratio between the dome 
height and tank radius is presented in Fig. 12b. The evalu-
ated values are selected based on engineering judgment. 
This sensitivity is smaller than the one with respect to the 
gravimetric index. Although (h∕r)dome affects the tank length 
and hence the fuselage length, the effect seems to be almost 
negligible, even on the operating empty mass. Possibly, the 
effect would be higher if the change in dome pressure load 
due to varying dome radius was considered in the conceptual 
model.

As mentioned in Sect. 2.2.2, we do not account for gase-
ous hydrogen inside the tank due to boil-off when computing 
the internal volume of the tank. This additional volume will 
result in a longer tank, which elongates the fuselage, increas-
ing the mass and drag of the aircraft. Therefore, we carry 
out a sensitivity study with the parameter fV ,extra to quantify 
the impact of this volume underestimation on the objectives. 
Figure 12c shows the variation in the objectives as a func-
tion of additional fuel tank volume allowance. This analy-
sis shows that when 20% extra volume is considered, the 
change in objectives appears to be limited to 1.5%. However, 

Table 8  Performance indicators 
for optimized aircraft

Parameter [Unit] Kerosene Liquid Hydrogen

ATR COC Energy ATR COC Energy

MTOM [metric tons] 65.1 68.4 68.2 62.1 65.5 64.5
OEM [metric tons] 36.2 39.5 40.3 40.1 43.8 42.8
S [ m2] 115 127 112 112 125 115
b [m] 36.0 31.3 36.0 33.9 35.8 36.0
Λ0.25 [deg] 0.0 27.0 18.9 0.0 23.0 18.0
� [–] 0.460 0.235 0.303 0.460 0.269 0.310
lfus [m] 37.5 37.5 37.5 44.7 43.7 43.5
Sht [ m2] 31 31 26 45 41 39
(L∕D)cr [–] 19.0 16.7 19.2 16.4 17.9 18.4
(T∕W)TO [–] 0.288 0.315 0.330 0.283 0.295 0.303
TTO [kN] 184 211 221 172 190 192
TSFCcr [ 10−5kg∕N s ] 1.15 1.41 1.28 0.44 0.48 0.46
�ov,cr [%] 32.6 39.9 39.3 34.8 39.3 38.6
SECcr [ 10−4MJ∕(N s)] 4.93 6.05 5.50 5.22 5.71 5.52
Energy [MJ/(pax km)] 0.82 0.85 0.77 0.90 0.83 0.80
tbl [h] 4h23m 3h19m 3h34m 4h1m 3h29m 3h36m
NAC, max [ 103] 18.5 14.0 15.0 16.9 14.7 15.2
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Fig. 11  Comparison of kerosene and hydrogen Pareto fronts for vary-
ing fuel prices, with respect to the kerosene, cost-optimal design
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this sensitivity only considers the effect due to elongation 
of the tank and fuselage, while an increased volume allow-
ance would also affect the tank gravimetric index. Hence, 
the actual effect is expected to marginally larger than the 
sensitivity presented in Fig. 12c.

5.2  Climate model uncertainty

The current section aims at quantifying the uncertainty due 
to climate model assumptions made in Sect. 2.2. The focus 
lies on the differences between the climate models for the 
kerosene and hydrogen aircraft, which are the reduction in 
NOx emissions and the reduction in contrail radiative forc-
ing. Although the water vapor emissions change, the effect 
is not considered here, since the emission index follows 
from the chemical balance. Furthermore, it is recognized 
that more uncertainties apply in the linearized temperature 

response model. Nevertheless, it is recommended to study 
and discuss the latter elaborately in separate research.

Fig. 12  Sensitivity of objec-
tive functions with respect to 
hydrogen tank parameters for 
the cost-optimal aircraft
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Figure 13 shows the relative difference in temperature 
response between the kerosene and hydrogen, cost-optimal 
aircraft for the period under consideration. The estimated 
line corresponds to the model as employed for the optimiza-
tions, assuming a 65% reduction NOx emissions and a 70% 
reduction in contrail radiative forcing. The blue band indi-
cates the uncertainty range, considering a interval between 
50 and 80% reduction in NOx emissions [9] and the 90% 
confidence interval provided by Burkhardt et al. [8]. It can 
be observed that the uncertainty reduces in time, because 
the uncertainties apply mainly to short-lived effects. Addi-
tionally, the overall temperature reduction increases with 
time, because the long-term CO2 impact is eliminated for 
the hydrogen aircraft. In summary, the studied uncertainties 
lead to a variation in ATR reduction between 70 and 75% for 
the cost-optimal aircraft.

5.3  Cost model uncertainty

In this section, we focus on the uncertainties present in the 
estimation of the operating cost. We consider two aspects, 
namely the cost model itself, and the assumed fuel prices, 
in particular for liquid hydrogen.

The cost model selection can influence the relative impor-
tance of fuel- and time-related costs. Examples of the latter 
group are crew and maintenance costs. This relative impor-
tance will favor design choices which minimize fuel impact, 
reduce flight time, and/or reduce maintenance costs. In the 
selected cost model, the maintenance costs are in particular 
sensitive to the engine mass, which is greatly influenced by 
the chosen bypass ratio. For this reason, the cost-optimal 
bypass ratio of the kerosene aircraft is lower than current 
technology standards. Implementation of the AEA model 
[3, 23] leads to a cost-optimal result with a higher bypass 
ratio and increased wing aspect ratio, as shown in Table 9. 
However, the optimal OPR is reduced, since the AEA 
maintenance cost estimation is more sensitive to the overall 

pressure ratio. Nevertheless, the observed trends when mov-
ing from the cost-optimal to the climate-optimal solution 
remain similar, except that the cost-optimal solution may 
be closer to either an energy minimizing or time-bound cost 
minimizing design points.

Since future operational costs are uncertain for both air-
craft types, here the sensitivity of the results with respect 
to the fuel costs is evaluated. For the hydrogen aircraft, a 
fuel price of 4.40 USD/kg has been assumed [17] in Sect. 4. 
During the optimizations, a kerosene price of 2.71 USD/
gal is assumed. However, recently the price has been closer 
to 3.135 or has even reached 3.90 USD/gal in May 2022.6 
For kerosene, the cost is varied between 2.71 USD/gal and 
3.90 USD/gal. Current price estimates of liquid hydrogen are 
closer to 10.3 USD/kg. The Pareto front in this case shows a 
cash operating cost difference of 95–111% between kerosene 
and hydrogen aircraft. Nevertheless, beyond 2030, the price 
of hydrogen is expected to decrease further, potentially up 
to 2.6 USD/kg [9]. Considering these projections, the cost 
of liquid hydrogen is varied between 2.6 and 10.3 USD/kg 
in this uncertainty analysis.

Figure 11 presents the effect of varying fuel prices and 
the trade-off between cost- and climate-optimal designs. The 
figure shows that the higher kerosene fuel cost and lower 
hydrogen fuel cost bring the Pareto fronts closer together. 
Since it is expected kerosene prices will continue to rise in 
the future [9], possible also because of kerosene taxes, it is 
clear that the hydrogen and kerosene solution will slowly 
converge in terms of operating cost.

6  Conclusions and recommendations

The objective of this research is to further explore the poten-
tial of liquid hydrogen to power future commercial aviation 
by performing multidisciplinary design optimizations of 
hydrogen aircraft and comparing the solutions to kerosene 
designs. First, a medium-range, hydrogen aircraft is opti-
mized for three objectives, being the energy consumption, 
cash operating cost, and the average temperature response 
over a period of 100 years. It is found that the energy- and 
cost-optimal aircraft are similar due to the large contri-
bution of fuel cost. These aircraft have engines with high 
bypass and pressure ratios and operate at approximately 
10.8–10.9 km of altitude and a Mach number of 0.72–0.76. 
The climate-optimal aircraft significantly reduces ATR100 
by almost an order of magnitude, by flying at an altitude 

Table 9  Optimized design variables for the cost-optimal, kerosene-
powered aircraft, considering two different maintenance cost estima-
tion methods

Variable [Unit] Roskam AEA

A [–] 7.72 10.0
W/S [ kN/m2] 5.30 5.25
BPR [–] 8.43 10.2
Πfan [–] 1.69 1.68
Πlpc [–] 1.58 1.49
Πhpc [–] 22.3 19.9
TET [ 103 K] 1.52 1.51
hcr [km] 9.74 10.7
Mcr [–] 0.802 0.777

5 URL https:// www. iata. org/ en/ publi catio ns/ econo mics/ fuel- monit or/ 
retrieved on 28/09/2022.
6 URL https:// www. index mundi. com/ commo ditie s/? commo dity= jet- 
fuel & months= 120 retrieved on 29/08/2021.

https://www.iata.org/en/publications/economics/fuel-monitor/
https://www.indexmundi.com/commodities/?commodity=jet-fuel%20&months=120
https://www.indexmundi.com/commodities/?commodity=jet-fuel%20&months=120
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of 6.0 km and Mach number of 0.58, completely eliminat-
ing persistent contrail formation and limiting the radiative 
effects of short-term ozone creation due to NOx.

Second, it can be observed that the hydrogen cost- and 
climate-optimal aircraft lead to reductions of 73–99% in 
average temperature response, respectively, compared to the 
cost-optimal kerosene aircraft. This is caused by the lack 
of CO2 emissions, reduced NOx emissions, and different 
contrail properties. Nevertheless, the costs are increased by 
28–39% because of high hydrogen fuel prices (4.40 USD/
kg) and increased energy consumption. The latter is caused 
by an increase in OEM and a reduction in cruise lift-to-drag 
ratio, resulting from increased fuselage length due the inte-
gration of the liquid hydrogen tank.

Although this research indicates that hydrogen has a large 
potential to limit the climate impact of aircraft in the stud-
ied category, it comes at the expense of increased financial 
costs. Additionally, the uncertainty in terms of non-CO2 cli-
mate impact and future liquid hydrogen prices has to be rec-
ognized. To further improve the performance of the hydro-
gen aircraft, the following design options can be studied: 
reducing the maximum fuel capacity by carefully consider-
ing future operator requirements, allows a smaller tank size 
and lower fuselage mass penalty. Furthermore, removing 
the span constraint and/or applying foldable wing tips could 
allow for a higher L/D, reducing the energy consumption.

Appendix A: Optimization setup 
and convergence

This appendix focuses on the setup of the optimization 
approach and discusses the convergence of the single- and 
multi-objective MDO runs. The single-objective optimi-
zation consists of two automated steps. First, a design of 
experiments (DOE) of the nine design variables is per-
formed using Latin Hypercube Sampling (LHS). This DOE 
is subsequently used to start the optimization with the 

Simplex algorithm. We use the software modeFRONTIER7 
to carry out both steps. The implemented Simplex algorithm 
is the Nelder–Mead approach, where constraints are handled 
through constraint domination. This algorithm is selected, 
because it can solve non-linear, constrained problems and 
because it is more robust than gradient-based methods for 
the problem under consideration. We apply two termination 
criteria for the optimization algorithm, being the final ter-
mination accuracy (based on the difference of the objective 
function values in one simplex) of 1 × 10−5 and a maximum 
number of function evaluations of 2000. If the first termi-
nation accuracy is reached before the second criterion, the 
program automatically restarts at a different point in the 
design space. This feature helps with avoiding that the opti-
mum found is a local minimum. Figure 14 presents the con-
vergence plots of the single-objective optimization of the 
hydrogen aircraft for minimal cash operating cost. Figure 15 
shows the values of the inequality constraints. These figures 
also show the automated restarts.

To carry out the multi-objective optimizations (as shown 
in Figs. 7 and 11), the multi-strategy pilOPT algorithm is 
used. This method considers several optimization strategies 
and selects the most appropriate one based on the problem 
characteristics. We use the hypervolume indicator [14] to 
verify the convergence of the multi-objective optimization. 
Figure 16a shows the hypervolume convergence for the 
Pareto front in Fig. 7. Figure 16b shows the difference in 
hypervolume indicator between a Pareto front evaluated at 
design evaluation i and the Pareto front at design evaluation 
i − 100 . After 6000 evaluations, this difference is smaller 
than 1.5 × 10−5 , indicating that further potential improve-
ments in the Pareto-optimal set are limited.

7 URL https:// engin eering. esteco. com/ modef ronti er accessed on 
12/07/2023.

https://engineering.esteco.com/modefrontier
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Fig. 14  Convergence plots of 
objective function and design 
variables for cash operating cost 
minimization of the hydrogen 
aircraft. The orange, dashed line 
indicates the optimum. The val-
ues are normalized with respect 
to the first evaluation
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