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Abstract
The demand for air travel has been increasing continuously over the past few decades, resulting in
a rise in aviation greenhouse gas emissions. As passenger numbers are expected to keep growing
in the coming years, it is crucial to significantly reduce the aviation industry’s environmental impact.
To contribute to this goal, this research project investigated the potential advantages of using hybrid
hydrogen fuel-cell powertrains in new types of aircraft. The study focused on commuter aircraft certified
under the EASA CS-23 category since there is a high potential for innovation in this aviation segment.
While some existing research has explored the performance of fuel-cell powertrains for transport aircraft
in the CS-23 category, these analyses often yielded unclear results regarding the viability of this new
solution. Furthermore, despite high uncertainties in themodels for fuel cell aircraft, the existing research
often failed to provide a sensitivity analysis of the powertrain or mission parameters. To address this
research gap, the following overarching research goal was identified: To evaluate the performance and
viability of fuel-cell powertrain integration on board a CS-23 category commuter aircraft compared to
conventional powertrain architectures by modelling and comparing results obtained through a single
aircraft design synthesis software.

The aircraft modelling was conducted using an in-house developed aircraft design synthesis soft-
ware called the Initiator. Before the start of this project, this software already possessed capabilities of
modelling conventional and various hybrid powertrains, including the hybrid hydrogen fuel-cell power-
train used in this research. However, the capability to model commuter aircraft had to be developed and
validated as a part of this project. Furthermore, the existing fuel-cell models were verified, validated,
and adjusted wherever necessary in order to increase their estimation accuracy. Finally, rudimentary
flight emissions models and energy cost models were developed to perform a comparison between
conventional aircraft and fuel cell aircraft in terms of operational cost and environmental impact.

To compare the fuel cell aircraft against the conventional aircraft the following steps were performed.
First, four existing conventional commuter aircraft were selected to serve as a performance benchmark.
These were the Dornier Do 228-212, Fairchild Metro 23, BAE Jetstream 31, and Embraer EMB 110P2.
Next, these conventional aircraft were modelled in the Initiator software, where they also served to
validate the new CS-23 modelling capability. Next, the top-level aircraft requirements or TLARs and
general configuration of benchmark aircraft were used to create four equivalent aircraft utilising the new
hybrid fuel-cell powertrain. By doing so, the fuel-cell aircraft could be compared to their conventional
counterparts. Finally, a sensitivity analysis was performed for the take-off mass and mission energy
usage of all four fuel cell aircraft.

In general, it was found that the fuel cell aircraft take-off mass increased between 30 and 60% com-
pared to their conventional counterparts. Despite this increase in mass, the increase in net powertrain
efficiency for fuel cell aircraft meant that the mission energy needs were less negatively affected. Con-
cretely, for most aircraft, the energy use increased by only 1.5% to 5%, while the energy use for one
of the four aircraft decreased by 30%. When utilising green hydrogen from wind or photovoltaic power
the global warming potential (GWP) of the energy used in flight was shown to reduce between 76%
to 98% compared to conventional aircraft. The aircraft energy purchase costs for the fuel cell aircraft
running on green hydrogen were shown to be between 30% and 95% higher than for conventional
aircraft running on Jet-A1. When the emission allowance costs from the European union emissions
trading scheme were included in the price, the costs were shown to be equal for the two aircraft solu-
tions in the mid-term future. The sensitivity analysis showed that the cruise Mach number is the most
consequential parameter determining the aircraft mass and energy usage.

Looking at the individual aircraft in the study, the fuel cell EMB 110P2 performed considerably better
than the other three aircraft. It can be concluded that the short range and low cruising speed of this
aircraft proved to be very favourable when utilising the fuel-cell powertrain.
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1
Introduction

Despite continuous innovation and efficiency improvements throughout the aviation sector, an ever-
increasing demand for air travel means that aviation greenhouse gas emissions have been experien-
cing continuous growth over the past decades. Since the passenger numbers are projected to increase
further over the next few years, the need to drastically reduce the industry’s environmental impact is
paramount. Besides noise and air pollution that the current aircraft fleets are responsible for, their
greenhouse gas emissions remain the primary concern. In 2018, commercial aviation emissions were
estimated to account for approximately 2.4% of the global carbon dioxide emissions, according to the
Environmental and Energy Study Institute (EESI) [1]. However, this is not the entire picture. Combined
with the aircraft contrails and other exhaust pollutants, commercial aviation alone was responsible for
about 5% of the world’s climate warming effect. Furthermore, with the current growth continuing, these
emissions could triple by the year 2050.

According to the European Commission (EC), this increasing demand for air travel is already making
the aviation sector one of the fastest growing greenhouse gas emitters in the European Union [2]. To
fight back against this trend, the EC has laid out ambitious goals of reducing aviation CO2 emissions
to reach EU-wide climate neutrality by 2050. Namely, the Flightpath 2050 [3] report envisions a 75%
reduction in CO2 emissions compared to typical new aircraft in the year 2000. Additionally, the report
also calls for a 90% reduction in NOx emission and a perceived noise reduction of 65%.

In part, these goals can be achieved with more efficient aircraft operations, improved aircraft aero-
dynamics and more efficient conventional turbine engines. However, these incremental improvements
in aircraft efficiency have slowed down over the recent years and the future projections indicate they
will not be sufficient to reach the necessary goals of reducing aviation carbon emissions, such as the
ones laid out by the EC [4]. Thus, aircraft will eventually need to adopt new propulsion technologies
which emit much less, or ideally zero, net greenhouse gas emissions.

Increasing the use of sustainable aviation fuel (SAF)1, battery technology and hydrogen are cur-
rently the most promising paths to achieve aviation sustainability goals. Out of the three, SAF would
require by far the smallest changes in aircraft design to enable wide-scale adoption [6]. However, the
SAF solution would not eliminate local emissions. Thus, it is often seen only as a short- to mid-term
solution. Meanwhile, battery technology is gaining a lot of traction in the transportation sector, such
as in the automotive or railway industry. However, despite its popularity and high drive-train efficiency,
the low energy density of current batteries makes them prohibitively heavy to install in all but the smal-
lest, low-endurance passenger and unmanned aircraft. Unlike battery technology, hydrogen fuel is not
suffering from low specific weight or long refuelling times. Therefore, it holds high potential to power lar-
ger aircraft over longer distances making them realistic competitors to their conventional counterparts.
While hydrogen brings with it a plethora of other engineering challenges which have to be addressed,
it is still regarded as one of the most promising clean energy sources for aircraft propulsion.

Generally, hydrogen can be converted into aircraft thrust in two ways [7]. The first is by burning a
1Although there is no internationally agreed upon definition of SAF, it normally refers to non-fossil based aviation fuel that

presents some reduction in life-cycle greenhouse gas emissions [5].
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mixture of hydrogen and oxygen in modified piston or turbine engines. A large drawback to this solution
is the lower energy conversion efficiency and production of some greenhouse gas emissions. While the
burning of hydrogen avoids any carbon and sulphur emissions, it still produces water vapour and NOx.
Although water vapour emissions are not a concern at lower altitudes, they are known to have a net
warming effect if emitted at cruising altitudes of modern jets. Additionally, aircraft exhaust emissions
are responsible for the formation of high-altitude clouds which might increase the Earth’s net radiative
forcing. NOx emissions on the other hand are linked to ozone (O3) creation, which, at lower altitudes,
is harmful to humans while also causing the formation of acid rain. [8, 9]

Alternatively, hydrogen can be used in fuel cells where it reacts with oxygen in a redox reaction,
producing an electrical current in the process. Electricity is then used to propel the aircraft via electric
motors. Such a system boasts better energy conversion efficiency with water and oxygen-depleted air
as the only byproducts. Moreover, the fuel cells also avoid the noise produced by combustion engines.
For these reasons, fuel cell technology is oftentimes seen as the best candidate for sustainable aviation
and will be the focal point of this project.

It is also possible to combine the benefits of batteries and fuel cells, by integrating them into a hybrid
architecture. One of the major drawbacks of non-hybrid powertrains is the need to size all components
for the aircraft’s maximum power requirement. However, most aircraft, especially transport aircraft,
use only a fraction of the available power for the majority of their flight. Thus, it might be worthwhile to
investigate whether the use of battery power to aid the fuel cells in covering peak loads could reduce
the overall weight of the powertrain and improve aircraft efficiency.

Currently, the majority of commercial aviation’s environmental impact is caused by the aircraft certified
under the European Union Aviation Safety Agency (EASA) Certification Specification part 25 (CS-25)
[10]. Thus, reducing the impact of CS-25 aircraft should be a high priority in transforming aviation into a
more sustainable industry. However, this research project will instead focus on the smaller commuter
aircraft with a capacity of up to 19 passengers and certified under the CS-23 regulation set. Although
flights up to 500 km where such aircraft are most likely to operate currently present only around 5% of
commercial aviation’s CO2 emissions [10, 11], the CS-23 commuter aircraft are much better suited for
implementing and proving most of the novel propulsion technologies [12]. This is due to a variety of
factors, such as their more flexible certification process, lower power requirements and lower develop-
ment costs. Furthermore, the CO2 emissions report by Graver et al. [10] indicates that the commuter
aircraft segment is the most carbon-intensive per passenger kilometre flown. Therefore, commuter
aircraft have more room for efficiency improvements. Because of this higher innovation potential, the
scope of the presented research will be limited to the CS-23 category commuter class aircraft.

This research aims to assess the performance and viability of commuter aircraft powered by a com-
bination of hydrogen fuel cells and batteries, while also comparing the results to those obtained for
conventional aircraft. This will be achieved by analysing the current state of the technology, evaluating
its potential benefits and drawbacks, and identifying the key challenges and opportunities for further
development. With this final report, the author wishes to provide valuable insights and recommenda-
tions for the development of future sustainable aircraft, as well as provide possible directions for further
research.

The remainder of this report is structured as follows. First, background information on the com-
muter aircraft, the hydrogen fuel, and the hybrid fuel-cell powertrain will be given in Chapter 2. Next, in
Chapter 3 the research gap in the existing literature will be identified, followed by the presentation of
the research goal and research questions. Moreover, the aircraft design tool that will be used to obtain
the results, as well as select the conventional commuter aircraft that will serve as the benchmark for the
fuel-cell-powered aircraft alternatives will be presented. The implementation of the necessary modific-
ations to the aircraft design software and the setup of any models required to obtain the results will be
described in Chapter 4. Chapter 5 will include a presentation and commentary on the obtained results
before a broader discussion on the significance and quality of the results will follow in Chapter 6. This
chapter will also be used to answer the research questions posed at the beginning of this report. Finally,
the report will conclude with Chapter 7 where the main findings of this research will be summarised.



2
Background Information

This chapter will outline the most important background knowledge that facilitated the setup and exe-
cution of this research. First, the CS-23 commuter aircraft will be defined and presented in Section 2.1.
Next, in Section 2.2 the motivations behind using hydrogen as an aviation fuel alternative will be dis-
cussed. In the following section, the fuel cell technology that has the ability to turn hydrogen fuel into
electricity will be explored. Specific focus will be given to the fuel cell type used in this research. Then,
the chosen integration of the fuel cell systems into a fuel-cell powertrain will be presented in Section 2.4.
Finally, the existing experimental fuel cell aircraft, as well as the contemporary research into commuter
fuel cell aircraft will be given in Section 2.5 and Section 2.6, respectively.

2.1. CS-23 Commuter Aircraft
As discussed in the introduction, this research focuses on a very specific segment of aviation. Namely,
the commuter aircraft certified under EASA’s CS-23 regulation set. Over the next few paragraphs,
this section will elaborate on what the terms ’commuter aircraft’ and ’CS-23 regulation’ stand for, and
present some existing conventional commuter aircraft.

2.1.1. Certification Regulations and Definitions
EASA established the Certification Specification part 23 (CS-23) to regulate the airworthiness of gen-
eral aviation and small commercial aircraft with 19 or fewer seats, excluding the pilots. Although the
CS-23 was first published in 2003, the document was revised and amended on a few occasions. Most
significantly, Amendment number 5 [13] was put in place in 2017, replacing many of the prescriptive
design requirements with more performance-based standards. For example, previously, many require-
ments were written in such a way that their fulfilment was only possible with a conventional powertrain.
In the latest amendment, these powertrain and component-specific requirements have largely been
removed or rephrased to focus on the final safety result rather than specific means to achieve it. Thus,
this change in the formulation of requirements should, at least in principle, enable certification of novel
powertrain architectures, such as electric and hybrid propulsion. [14]

The term ’commuter aircraft’ is used somewhat inconsistently, both in regular use, as well as within
published scientific literature. Sometimes, the term is used to simply describe the aircraft in commercial
use that serve on short-haul routes with very low demand. These routes are often specifically designed
to bring travellers to a larger airport hub where they can transfer to another flight, facilitating a so-called
hub-and-spoke airline model. Besides the low passenger demand, these routes frequently favour small
aircraft because they often serve destinations with shorter runways or difficult approach procedures.
[15]

However, there is also a much more rigid definition of the term commuter aircraft that stems directly
from the aircraft certification regulation. In the EASA’s original CS-23 document, commuter aircraft
are defined as ’Propeller-driven twin-engined airplanes that have a seating configuration, excluding the
pilot seat(s), of nineteen or fewer and a maximum certificated take-off weight of 8618 kg (19 000 lb) or
less’ [16]. This specific definition of commuter aircraft will be used throughout this research work. It is

3
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worth mentioning, however, that EASA has subsequently dropped the certification term ’commuter’ in its
5th amendment to the CS-23 and replaced it with different classifiers. The most equivalent certification
classification to the former commuter category would currently be a ’Normal-category level 4 aeroplane,
not certified for aerobatics’.

2.1.2. Existing Commuter Aircraft
Now that the definition of commuter aircraft has been established, it is also important to discuss the
role of these aircraft in the aviation industry, as well as point out some common characteristics and
differences between different commuter aircraft. To better facilitate this discussion, a list of existing
noteworthy commuter aircraft is presented in Table 2.1.

From a business perspective, the main purpose of commuter aircraft is to serve thin-haul routes.
Besides being in low demand, these routes are often very short. Apart from low passenger numbers,
an aircraft operator might be constrained to using these more manoeuvrable and slow commuter air-
craft to serve airports with short runways or a very difficult approach. Nevertheless, due to the high
costs of operating such routes, the demand for commuter aircraft is not as great as for the larger pas-
senger aircraft, which generally offer a lower cost per transported passenger. However, especially in
remote places where other means of transportation are inefficient or non-existent, commuter aircraft
can provide vital connectivity for the local communities. [12, 17]

Table 2.1: List of noteworthy conventional commuter aircraft. Information compiled from: [15, 18]

Aircraft type Seats
MTOM

[kg]

Range

[km]

Cruise Speed

[km/h]

Stall Speed

[km/h]

T/O Field

Length* [m]

Landing Field

Length* [m]

Cessna Conquest II 9 4468 4064 480 139 752 572

Beechcraft 350ER 11 7484 4986 561 150 1237 908

Mitsubishi MU-2L 12 5273 2334 483 142 660 575

Beechcraft Model 99A 15 4727 1686 380 120 975 808

GAF Nomad N24A 16 4264 1352 311 87 521 408

Harbin Y-12 F 17 8400 1333 390 N/A N/A N/A

DHC-6 Twin Otter 400 19 5670 740 337 108 366 321

Embraer EMB 110P2 19 5670 520 413 128 N/A N/A

Dornier Do 228-212 19 6400 1166 428 125 686 512

BAE Jetstream 31 19 6950 1192 487 160 975 1165

Let L-410 Turbolet NG 19 7000 2570 417 123 590 600

Fairchild Metro 23 19 7484 2065 543 165 1342 N/A

Beechcraft 1900D 19 7764 1279 518 167 1163 851
*Required field length is a take-off or landing distance over a 15m obstacle at maximum take-off or landing mass, respectively.

As can be seen from Table 2.1, most of the listed aircraft require a relatively short take-off and landing
field length compared to larger commercial transport aircraft. However, there is still a fair amount of vari-
ation in the required distances between the presented examples. Besides their weight, the main reason
for these discrepancies lies in their mission requirements. Specifically, some aircraft are designed to
operate from very short landing strips with difficult approach and departure procedures. These aircraft
are often referred to as short take-off and landing (STOL) aircraft.

The typical characteristics of a STOL aircraft include low wing loading and extensive use of high-lift
devices allowing to perform a slow, steep approach and a short landing run. Additionally, STOL aircraft
often exhibit high thrust-to-weight ratios allowing them to achieve a short take-off run and a steep climb
angle. Most of these aircraft are also equipped to serve remote areas and to land on unpaved runways.
[19] Some noteworthy examples of STOL aircraft from Table 2.1 include the DHC-6 Twin Otter 400,
GAF Nomad N24A, and Let L-410 Turbolet NG.

On the other side of the spectrum, some commuter aircraft are designed for a faster and more
comfortable flight experience, rather than STOL. They are not as restricted in the runway length or
approach procedures, which makes their design more akin to larger propeller transport aircraft. Good
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examples of such aircraft from Table 2.1 are the BAE Jetstream 31, Fairchild Metro 23, and Beechcraft
1900D. Generally, they are designed to fit 19 people. These aircraft also have a pressurised cabin
allowing them to fly at higher altitudes, which increases speed and the ability to avoid adverse weather.

2.2. Hydrogen as Aviation Fuel
In the interest of ending the over-dependence on fossil fuels, hydrogen has become one of the main
contenders for a replacement. However, with many competing options available one might ask them-
selves why hydrogen is seen by many as the fuel of the future and more specifically, why it is being
considered a viable aviation fuel replacement. This section will attempt to answer these questions.

2.2.1. Why Hydrogen?
As mentioned in the introduction, there are many alternatives to the current aviation fuel that are being
investigated, and some are already in use. The majority of these alternative aviation fuels revolve
around producing kerosene-based aviation fuel from alternative feedstock, such as waste oils, biomass,
or even direct carbon capture. Instead of using crude oil and the corresponding traditional refining
process, these fuels are synthesised using other chemical processes. Since the end product is very
similar to conventional jet fuel, there are minimal or even zero modifications necessary for conventional
aircraft to use it. [20] This solution is promising, since it can be gradually implemented with the current
aircraft fleet by blending the synthetic fuels with regular kerosene. [21] However, promoting these fuels
also runs the risk of making the industry complacent. After all, although the net CO2 emissions might
be reduced with synthetic fuels, the effects of aviation on global warming extends far beyond just CO2.
In fact, as already discussed in Chapter 1, the impact of non-CO2 related emissions, such as NOx,
water vapour, and particulate emissions, is just as high as the impact of CO2 emissions. While there
are indications that synthetic aviation fuels might be able to reduce some of these effects as well [22],
they will not eliminate them. Overall, the SAF solution does present a compelling environmental impact
mitigation pathway for aviation. Nevertheless, due to the non-CO2 related effects, it does not appear
truly sustainable in the long term.

Alternatively, fully electrified aircraft powered by batteries are being considered. However, the bat-
tery energy density is still very low. Even with the net powertrain efficiency of electric aircraft exceeding
70% [23], battery-powered electric aircraft are very limited in range. The low energy density issue is
exacerbated by the fact that the batteries are usually not discharged below 20% in order to increase
their longevity [24]. Thus, it is not clear when batteries will be able to power transport aircraft over long
distances.

Unlike synthetic aviation fuel, hydrogen does not produce carbon emissions when consumed. When
combusting hydrogen, the main product is water. Additionally, due to the high temperatures of com-
bustion and the presence of atmospheric nitrogen in the combustion process, some NOx emissions
are being produced. Still, combusting hydrogen eliminates the carbon and particulate emissions, while
most likely also reducing the NOx effects. [25] According to Wehrspohn et al. [26], powering single-
aisle turbofan aircraft with hydrogen combustion would reduce the global warming potential from in-flight
emissions by around 60%. Moreover, when using hydrogen in fuel cells instead of combustion engines,
the only reaction product is liquid water. Naturally, this further reduces the environmental impacts of
in-flight emissions. Furthermore, unlike batteries, molecular hydrogen stores more energy than tradi-
tional jet fuel per unit of mass. These attributes make hydrogen an attractive energy carrier that could
at least in part pave the way for a considerably more sustainable aviation industry.

2.2.2. Hydrogen Production Methods
One of themain challenges that have to be addressed before hydrogen can be considered a sustainable
alternative to jet fuel is hydrogen production. Unfortunately, molecular hydrogen is not readily available
to be harvested or extracted. Instead, hydrogen has to be obtained by converting other sources into
molecular hydrogen. Nowadays most hydrogen is produced by extracting it from fossil fuels, namely,
natural gas (76%) and coal (23%) [27]. The fact that the main goal of using hydrogen as aviation fuel is
to move away from fossil fuels makes these methods far from ideal. Fortunately, many other methods
of hydrogen production are currently available. The rest of this section will present some of the most
prominent hydrogen production methods, using both the fossil fuel pathways, as well as some of its
alternatives.
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A trend of colour-coding hydrogen according to its production method has become common in the
industry and academia. While there are minor inconsistencies among different academic and industry
sources concerning the use of specific colour codes, the following codes appear most often: [28, 29]

• Grey hydrogen – Produced by using fossil fuels. While there are numerous production methods,
the most prominent ones are natural gas steam reforming (NGSR) and coal gasification. In the
grey hydrogen category, no carbon capture occurs in the hydrogen production process. However,
almost half of the grey hydrogen is obtained by harvesting the by-products of other chemical
processes. Some sources split the grey hydrogen into more categories, such as black hydrogen
obtained from black coal, brown hydrogen obtained from brown coal, and grey hydrogen obtained
from steam-reforming natural gas;

• Blue hydrogen – Produced in the same fashion as grey hydrogen, but with the addition of some
sort of carbon capture and storage (CCS) or utilisation (CCU). It is worth noting that besides being
more technologically complex and expensive, not all carbon is captured in the process. Even
more troubling, there are no standards for what percentage of total emissions should be captured
and thus, most of the emissions are still released freely into the atmosphere. Furthermore, the
often underestimated effect of methane leaks in the process is not mitigated either;

• Turquoise hydrogen – Produced via methane pyrolysis, resulting in solid carbon byproducts.
These solid carbon byproducts are easier to store or sell off for further processing. While it ap-
pears more environmentally promising than blue hydrogen, the process has not been commer-
cialised yet;

• Purple hydrogen – Produced using nuclear power in one of two ways. In the first option, hy-
drogen is extracted from water using high-temperature electrolysis or HTE. In the latter case,
the heat of nuclear power generation is used to achieve thermochemical hydrogen production.
While the risks of nuclear energy are well-known, the method does not produce any direct carbon
emissions. In some sources this type of hydrogen is also labelled as yellow hydrogen;

• Green hydrogen – Produced via water electrolysis using electricity from renewable energies. In
this category, solar and wind power are most often proposed. Besides ’green’, this hydrogen
product is also often labelled as ’clean’ or ’renewable’ hydrogen.

• Yellow hydrogen – Produced via electrolysis using grid electricity mix. Unsurprisingly, this pro-
duction path is similar to the other electrolysis methods. However, the cost and environmental
impact of this method depends highly on the suppliers of the local electrical grid.

2.2.3. Hydrogen Cost and Environmental Impact
Naturally, every hydrogen production method is associated with a different hydrogen cost and environ-
mental impact. Unfortunately, it would be difficult to include a comprehensive analysis of both of these
two issues for all of the methods listed above. Instead, the approximate production CO2 emissions and
final cost estimates for some of the processes mentioned will be presented.

Figure 2.1 illustrates the carbon intensity of hydrogen production for 9 different production methods.
While there are many other negative environmental effects beyond the directCO2 emissions associated
with every hydrogen production option, Figure 2.1 provides a general impression of the environmental
impact differences between various production pathways. As can be seen from the figure, hydrogen
extracted from coal releases a large amount of CO2. A better alliterative to coal in terms of direct CO2

emissions is natural gas. Using natural gas, the CO2 emissions are more than halved. Furthermore,
with effective carbon capture methods, the CO2 footprints of both methods can be greatly reduced.
Nevertheless, powering electrolysis with renewable or nuclear power generation has by far the lowest
CO2 intensity of all the listed options.

Interestingly, due to larger losses in the entire process, the electrolysis powered by coal or natural
gas electricity generation releases evenmoreCO2 than directly extracting hydrogen from coal or natural
gas. Even when electrolysis is powered by the global average grid electricity mix the CO2 emissions
are higher than using the other most CO2 intense method, coal gasification.
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Figure 2.1: CO2 intensity of hydrogen production. Adapted from [27].

As can be seen from Figure 2.2, unfortunately, hydrogen obtained using water electrolysis and low-
carbon electricity generation is still the most expensive. The NGSR option is currently the cheapest of
all the included production pathways. However, with future technology improvements, the low-carbon
alternatives, such as electrolysis with renewable electricity generation, will decrease in price. Addition-
ally, the greenhouse gas emission allowances that have recently been introduced into many markets
will likely raise the cost of production for CO2-intense methods. These factors are reflected in the 2060
price predictions given by IEA [30].

Figure 2.2: Hydrogen cost (2019 data and 2060 estimates). Retrieved from [30].
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2.3. Fuel Cell Power
This section will explore the principles of fuel cell power generation and present the fuel cell type that will
be used throughout this research project. Furthermore, this section will introduce the support systems
that facilitate fuel cell operation.

2.3.1. Fuel Cell Working Principle
Similarly to a battery, a fuel cell relies on electrochemical reactions to provide electrical current. How-
ever, unlike a battery, a fuel cell is not an energy storage device, but merely an energy converter that
relies on a constant supply of fuel to function. In this regard the fuel cell is more akin to an internal
combustion engine (ICE), reacting fuel with oxygen and harnessing the energy released during the
chemical reaction. [31]

The principle that makes fuel cells different from the ICE lies in how the reaction energy is harnessed.
To understand this difference, however, one has to look into the mechanics of a simple combustion
reaction, such as the reaction between hydrogen and oxygen:

H2 +
1

2
O2 → H2O (2.1)

When a reaction takes place, the bonds in the H2 molecules and the bonds in the O2 molecules are
broken up while new hydrogen-oxygen bonds are formed to create water or H2O [31]. The bonding
energy of the reactants is higher than that of the reaction products. Thus, the reaction releases energy.
In a combustion engine, this energy is converted directly into heat, causing the combustion gases to
expand. The expansion can be converted into mechanical work either by driving pistons or spinning
turbines. This process of energy recovery is unfortunately not very efficient. Moreover, internal com-
bustion engines which nowadays still power most of our transportation are mechanically complex due
to a large number of moving parts. Additionally, they produce unwanted emissions and vibrations whilst
also emitting a fair amount of noise.

Naturally, the question arises, whether there exists a better way to tap into the energy of the reaction
while also eliminating some of the downsides of the ICE. Observing the reaction on an atomic level,
the breaking and rebuilding of bonds can be seen as a rearrangement of electrons. Thus one could
attempt to extract electrical energy by harnessing these electrons when they travel to form the new,
lower energy bonds. This is exactly what fuel cells are designed to do. By separating the two reactants
and allowing the electrons to only flow over an external circuit they can provide useful work before
being allowed to combine with the rest of the reactants on the other side of the fuel cell. [31]

Figure 2.3: Schematic representation of a simple hydrogen fuel cell. Retrieved from: [32]
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A schematic representation of a simple hydrogen fuel cell is displayed in Figure 2.3. The two electrodes
(cathode and anode) are separated by an electrolyte. Depending on the type of electrolyte used, the
reactions at the anode and cathode differ, but the overall reaction remains unchanged. For instance,
when using an acidic electrolyte, the hydrogen atoms are stripped of their electron at the anode. Now,
the hydrogen ions (H+) can move freely through the electrolyte to the cathode. The electrons, mean-
while, travel to the cathode through an external circuit where they can power an electrical load. At the
cathode, the free electrons, the hydrogen ions, and the oxygen finally react to form water. The chemical
reactions at the anode and cathode are presented in Equation 2.2 and Equation 2.3, respectively. [32]

H2 → 2H+ + 2e− (2.2)

1

2
O2 + 2H+ + 2e− → H2O (2.3)

Since they have no moving parts, fuel cells are mechanically less complex than ICEs and therefore
also have a higher potential for reliability. Furthermore, fuel cells in operation are silent and do not
produce unwanted pollutant emissions, such as nitrogen oxides (NOx). These qualities make them an
attractive option for replacing the ICE in numerous applications.

2.3.2. Proton Exchange Membrane Fuel Cell (PEMFC)
The basic fuel cell presented in the previous section is not the only hydrogen fuel cell type available.
Moreover, molecular hydrogen is also not the only fuel that can be used to power a fuel cell. In fact, there
are numerous different types available on the market and in development utilising various methods to
harness the electrical energy released during an oxidation reaction. However, for reasons that will be
given in this section, this research will focus on a specific type of fuel cell, namely the Proton Exchange
Membrane Fuel Cell or PEMFC.

The PEMFC is low a temperature fuel cell operating between 60 and 100 °C. It utilises a solid proton-
conducting polymer electrolyte, usually made from perfluorinated sulfonic acid. The acidic electrolyte
allows for free transport of hydrogen ions (H+) between electrodes, while the electrons travel on an
outside circuit to generate an electrical current. Once the hydrogen ions and electrons reach the cath-
ode, they react with oxygen to produce water. The reaction equations at the anode and the cathode
can thus be written as seen in Equation 2.4 and Equation 2.5, respectively. [31, 33]

2H2 → 4H+ + 4e− (2.4)

O2 + 4H+ + 4e− → 2H2O (2.5)

The thin and flexible electrolyte membrane is coated on either side with a platinum catalyst and sand-
wiched between the two opposing electrodes. Together, the electrodes, catalyst, and membrane are
simply called Membrane Electrode Assemblies (MEA). To ensure conductivity, the polymer membrane
must be hydrated with liquid water at all times. For this reason, the cell temperature cannot raise above
100 °C, since the water would evaporate, drying out the membrane. [31, 33]

The low operating temperature brings a distinct set of advantages and disadvantages. The rapid
start-up and stop procedure makes it ideal for transport applications. Furthermore, it provides the
highest power density of all the fuel cell types at a relatively high efficiency. On the negative, the
PEMFC requires the expensive platinum coating to catalyse the ionising of hydrogen. Furthermore, the
efficiency of the cell is proportional to the operating temperature. Hence, the operating temperature cap
is limiting the possible efficiency improvements. Another drawback of PEMFC is the susceptibility to
carbon monoxide and sulphur contamination (also known as ’poisoning’), of the electrolyte. However,
this can be mitigated by assuring high hydrogen fuel purity. [31]

Despite a handful of drawbacks, the listed advantages of the PEMFC make them by far the most
promising type of fuel cell for transport applications and the replacement of the ICE. In fact, all manned
fuel cell aircraft that have been flown to date were powered by PEMFC. Thus, due to the benefits and
relatively high technology maturity, the PEMFC is the fuel cell type selected for this research.



2.3. Fuel Cell Power 10

2.3.3. Fuel Cell System (FCS)
The Fuel Cell System (FCS) usually includes many individual fuel cells connected to form a fuel-cell
stack. While the fuel cell is at the core of an FCS, it is by no means the only important component.
Similarly to a conventional internal combustion engine, there are several supporting subsystems ne-
cessary to maintain the right operating conditions for the powerplant and ensure that the system can
reliably perform useful work. These subsystems can be referred to as the Balance of Plant (BoP) com-
ponents. This includes, among others, fuel and oxidiser supply, cooling, power management, and fuel
cell monitoring. Many of these components require energy to operate and are therefore referred to as
parasitic power components or ancillaries. Depending on the fuel cell type and applications, the BoP
components will be slightly different. Here, the focus will be on PEMFC used in mobile applications.
[31, 32]

Fuel-cell stack
Under operational load a single fuel cell produces only between 0.6 and 0.7 V. Therefore, multiple fuel
cells are normally interconnected in series to form a so-called fuel cell ’stack’ and increase the voltage
output. Several distinct stacking architectures have been developed over the years. Here, only the
most prevalent arrangement for PEMFC stacks will be presented shortly. This arrangement is called
’bipolar plate stacking’. The name refers to the conductive plate that interconnects two adjacent cells.
The plate connects the anode of one cell to the cathode of the next, thus earning its name ’bipolar’.
This layering simplifies the electrical connections between cells and provides a large connection area
resulting in low ohmic losses. The schematic representation of such a vertical stack can be seen in
Figure 2.4 with the ’flow structure’ acting as the bipolar plate. A more true-to-life representation of the
bipolar plate architecture can be seen in Figure 2.5. This figure also illustrates the groves carved into
the bipolar plates that allow the distribution of hydrogen and oxygen throughout the cell. [31, 34]

Figure 2.4: Schematic representation of a ’bipolar plate’ fuel-cell stack. Retrieved from: [31]

(a) Single fuel cell assembly (b) Triple-cell stack assembly

Figure 2.5: Simplified bipolar plate fuel cell assembly. Retrieved from: [32]
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Oxygen Supply
Due to weight and size considerations, the oxygen is rarely stored on board, unless strictly necessary.
Thus, the majority of PEMFC systems supply oxygen by simply filtering and sometimes compressing
the ambient air. Using ambient air instead of oxygen does come with a significant drawback, however.
The presence of gases other than oxygen decreases the oxygen concentration at the cathode, which
reduces the maximum power a fuel cell can provide. Furthermore, operating at higher altitudes lowers
the ambient pressure which further reduces the oxygen levels. The design choice one has to address
is whether to use compressors to increase the air pressure in the fuel cell. While this does provide more
oxygen and increase the open circuit voltage of the fuel cell it also incurs a weight and power penalty.
The choice of compressing the air is of special interest for aircraft applications. Without compressing
the ambient air, the fuel cell performance degrades significantly with increasing altitude. On the other
hand, any additional weight as a result of ancillary components will have a detrimental effect on the
overall aircraft performance. [32]

Fuel Storage and Supply
According to Verstraete et al. [35], the on-board storage of hydrogen is one of the major hurdles in
hydrogen powertrain adoption. Although hydrogen has a higher weight energy density compared to
conventional hydrocarbon fuels, it falls way behind conventional fuels on the volumetric energy density
scale. The research community is exploring many different ways of hydrogen storage. However, only a
few of thesemethods have reached the level of maturity, where they can be seen as a serious candidate
for aeronautical applications. Currently, the most widely considered forms of pure hydrogen storage in
portable applications are compressed gas or cryogenic liquid. There is also a third option that combines
the two methods into pressurised cryogenic storage, often referred to as cryo-compression. [15, 36]

Arguably, one of the most important hydrogen tank parameters for aeronautical applications is the
gravimetric storage density or ηgrav. This metric essentially conveys how mass efficient the tank is
at storing hydrogen and can be defined as written in Equation 2.6, with mtank and mfuel being the
respective masses of the hydrogen tank and hydrogen fuel. Unsurprisingly, keeping the ηgrav as high
as possible is desired for aeronautical applications. [35] With the importance of the gravimetric storage
density in mind, the various storage options will be reviewed briefly.

ηgrav =
mfuel

mtank +mfuel
(2.6)

The pressurised gas storage tanks are usually designed for either 350 bar or 700 bar. Despite
the high pressures, only 4% of the full tank mass is down to hydrogen. Due to the high pressure, the
fuel flow toward the fuel cell is usually controlled by a relatively simple system of valves and pressure
regulators. Although the high-pressure storage was used in most fuel cell land vehicles and aircraft
demonstrators, Verstraete et al. [35] believe that cryogenic storage is the only way to truly mitigate the
volumetric density penalty and allow for mass adoption of hydrogen in transport aircraft. For cryogenic
storage, hydrogen is cooled down and liquefied at around 20.3 K. This allows for smaller tanks but
makes the system suffer from hydrogen boil-off caused by heat leaking into the tank. To mitigate that,
the cryogenic tanks need to be well insulated. However, a certain amount of boil-off should be permitted
to pressurise the fuel lines. The current design of cryogenic fuel tanks is not appropriate for aviation
applications. The tanks used in the automotive industry are not as limited by their weight and the tanks
used in rocket launch vehicles suffer from high boil-off rates due to their poor insulation.

Cryo-compression attempts to mitigate both of these issues. By compressing the fuel, the boil-off
is almost eliminated. Furthermore, cryo-compression uses lower pressures than normal pressurised
storage. Hence, the tanks can be designed for lower stress requirements and thus become lighter.
Based on the research presented by Verstraete et al. [35], for a typical commuter aircraft with a fuselage
diameter between 1.3 and 1.9 m, the expected gravimetric efficiency for cryo-compression tanks is
between 40 to 60%, depending on the exact tank shape and aircraft performance. However, cryo-
compression storage development is fairly limited. Moreover, out of the three methods it suffers from
the highest energy footprint due to its high energy requirements for cooling and compression. [15, 35,
36] Nevertheless, it is still deemed to be the most favourable option for designing hydrogen-powered
aircraft that can compete with conventional aircraft’s mission capabilities.

Further options for storing hydrogen have been proposed. Most notably, these include metal hy-
drates and various chemical compounds. In metal hydrates, the hydrogen is packed inside a metal



2.4. Novel Aircraft Powertrain Architectures 12

crystal lattice. This option suffers from excessive weight due to the inherent density of metals used.
Chemical storage is more attractive for aircraft because the compounds that carry hydrogen remain
liquid in atmospheric conditions and provide high storage efficiencies, even above 20%. However,
many of these chemicals are toxic and/or corrosive. [36] Kim and Kwon [37] demonstrated a fuel cell
UAV with hydrogen stored in sodium borohydrate molecules. Additional weight was incurred due to the
need for a hydrogen generator to extract hydrogen from the compound. Moreover, the borate crystals
tended to clog the fuel lines, making it an overall unattractive option for commuter aircraft applications.

Water Management
As discussed in Section 2.3.2, the PEMFC membrane has to remain hydrated to function. In fact, the
proton conductivity of the membrane is directly proportional to its water content. Unfortunately, the
excess water can flood the electrodes, clogging the porous structure of the gas diffusion layer. Hence,
the water content of the fuel cell has to be carefully managed to balance the needs of the membrane
and the electrodes. Ideally, the water that is produced at the cathode would travel across the membrane
to the anode, while the excess water at the cathode would be dried out by the incoming oxygen supply.
Although not impossible, this self-humidifying process is hard to balance. Especially at high currents,
the incoming air can dry out the cathode faster than it can produce water. Moreover, the protons tend
to drag the water molecules across the membrane, drying out the anode. The prevalent solution is to
pass the reactant gasses through a humidifier before they enter the cell, which can significantly boost
the performance of the cell. [32, 38]

Thermal Management
Most larger PEMFC systems require active cooling to maintain the correct operating temperature. This
is especially true for systems that have to respond quickly to increased power demands, such as aircraft
or automotive powertrains. Active cooling can be achieved using either liquid or gas cooling. The former
requires a set of fans or blowers while the latter relies on pumps. Naturally, these components consume
some of the power produced by the fuel cell, thus the cooling needs should be minimised. However, for
the highest power density systems, such as in aircraft, active cooling is normally performed using liquid
cooling, since it has a higher heat capacity and thus a higher cooling potential. The coolant is usually
circulated in a closed-loop system. The most common coolants are de-ionised water (to prevent it from
carrying current) or a water-glycol mixture. [31]

Power Management
The electrical or power management subsystem in the FCS acts as an intermediary between the fuel-
cell stack and the electrical loads, such as ancillaries and external electrical motors. Besides providing
electrical connections it also modifies the electrical energy produced by the fuel cell to match the re-
quirements of the consuming devices. The fuel-cell stack produces DC power at a specific voltage
that is, among others, dependent on the stack architecture and current density. Thus, the electrical
subsystem has to ensure a constant voltage for the loads. Furthermore, some loads require AC power,
hence inverters are usually included. Often, fuel-cell powertrains are combined with batteries to form
hybrid architectures. The electronic interface that manages all the power supply, modification, and
distribution in more complex systems is then commonly referred to as the Power Management And
Distribution (PMAD) system. [36]

2.4. Novel Aircraft Powertrain Architectures
A hydrogen fuel-cell powertrain is often associated with the term ’novel powertrain architecture’. Thus,
it is worth examining what novel powertrain architectures are, and how and why fuel-cell powertrains
fit into this category.

’Novel powertrain architecture’ is a fairly broad expression describing any powertrain that does not
operate like a conventional powertrain. For this research, a conventional powertrain can be defined as
a powertrain that uses fuel in a combustion engine to produce mechanical energy that is then directly
used for propulsion. Such a powertrain is used by all of the chosen reference aircraft and is thus
a baseline for performance comparisons against the fuel-cell powertrain of a commuter aircraft. A
simplified schematic of a conventional powertrain for a propeller-driven aircraft is depicted in Figure 2.6.
For the legend of symbols used in these powertrain schematics, the reader can refer to Appendix A
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Figure 2.6: Conventional powertrain architecture

All novel powertrain architectures revolve around using electrical power transmission somewhere on the
propulsion power path. However, this might also be the only universal characteristic of novel powertrain
architectures. Hence, the variety of architectures that can be achieved by implementing these electrical
power transmissions inside a powertrain is vast. The solutions range from a simple pure battery-electric
aircraft, where the electricity is taken from the batteries via a power management unit and routed directly
to the electric propulsion motors, to a complicated distributed propulsion architecture where power is
drawn from multiple sources, such as batteries and ICEs, with a few power conversions in between.
[39–41] Instead of explaining all of these novel architectures, the remainder of this section will focus on
the two powertrain architectures that are crucial for the understanding of this research. These are the
pure, non-hybrid, fuel-cell powertrain and the fuel-cell & battery serial hybrid powertrain architecture.

2.4.1. Pure Fuel-Cell Powertrain
The pure fuel-cell powertrain is the most straightforward powertrain architecture to utilise fuel cell power
for propulsion. As depicted in Figure 2.7, this powertrain consists of a single power path, starting at the
fuel tank, passing through the fuel-cell system, the power management and distribution unit or PMAD,
and finally ending up in the electric propulsion motor that powers the propeller.

PMAD

Figure 2.7: Pure fuel-cell powertrain architecture

However, one of the main issues that fuel cells are facing is their relatively low power density. In fact,
this research project failed to create a feasible commuter aircraft by relying solely on fuel-cell for power
generation. However, combining fuel cells with another source of energy that has a high specific power
can provide a viable hybrid solution.

2.4.2. Fuel-Cell-Battery Serial Hybrid Powertrain
While batteries struggle with low energy density, they perform much better in the area of power density.
The opposite is true for fuel cells. Therefore, combining the two can create a powertrain that makes fuel-
cell-powered aircraft more feasible. The most straightforward way to combine the two power sources
is by taking the pure fuel-cell powertrain, seen in Figure 2.7, and connecting a battery to the PMAD
subsystem. In this way, a so-called serial hybrid fuel-cell powertrain architecture is obtained. [42] The
schematic of such a powertrain is illustrated in Figure 2.8. Unless otherwise stated, this architecture
will be used to model fuel cell aircraft throughout this report.

PMAD

Figure 2.8: Series hybrid powertrain architecture with fuel cells and batteries
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2.5. Existing Fuel-Cell Powered Aircraft
To date, only a handful of small aircraft has achieved flight under the power of fuel cells and none have
gone past the experimental phase. This section will present the most notable examples, from the first
manned fuel cell aircraft up to the most recent endeavours.

2.5.1. Boeing Fuel Cell Demonstrator
In 2008 the first-ever fuel-cell-powered manned flight took off from an airfield in Spain. The aircraft in
question was an Austrian-built 2-seat Diamond HK36 Superdimona motor glider that was converted by
the European division of Boeing Research & Technology. The original aircraft, certified under EASA’s
CS-22 regulations, had a MTOM of 770 kg, a wingspan of 16.3 m, and a lift-over-drag ratio of 27. The
demonstrator was equipped with a PEMFC stack delivering 20 kW net or 24 kW gross power at around
200 V. This was enough to sustain level flight. During take-off and climb the power was also provided by
the onboard Li-ion battery forming a hybrid system. The battery itself could continuously provide around
50–75 kW. The fuel-cell stack ran on hydrogen and compressed ambient air. The hydrogen was stored
on board in a high-pressure composite tank at 350 bar. The propeller was driven by an experimental
electric brushless permanent magnet DC motor. It was able to produce 75 kW peak power or 30 kW
continuous power. [43, 44]

(a) Retrieved from [45] (b) Retrieved from [46]

Figure 2.9: Boeing Fuel Cell Demonstrator (Diamond HK36 Super Dimona EC-003) on display at the 2008 Farnborough
Airshow

The conversion increased the weight of the aeroplane by approximately 150 kg. This was partially due
to the use of non-aerospace-grade components. Moreover, due to space restrictions, the passenger
seat had to be removed to make space for the electronic power management box, as can be seen
in Figure 2.9. The final weight of the aircraft exceeded the certified MTOM by 100 kg. The aircraft
nevertheless successfully completed 3 test flights lasting between 26 and 28 minutes. [43, 44]

2.5.2. ENFICA-FC Rapid 200FC
The ENFICA-FC project, standing for ENvironmentally Friendly Inter City Aircraft powered by Fuel
Cells, was a project led by the Politecnico di Torino and funded by the European Commission. The
main objective of the project was to develop and validate the fuel-cell propulsion system for use in
electric aircraft. These efforts culminated in converting an existing light aircraft to run on hydrogen fuel-
cell propulsion. In many ways, this was a similar undertaking to the Boeing Fuel Cell Demonstrator, but
it achieved its first flight two years after Boeing. [47–49]

The aircraft selected for conversion was the Czech Rapid 200 aircraft manufactured by Jihlavan Air-
planes. The 2-seater aircraft with a wing span of 9.9 meters was modified in a similar manner to the
Boeing Fuel Cell Demonstrator. The ICE powertrain was replaced by a PEMFC stack that was able
to produce 20 kW continuous net power. This was augmented by two separate Li-Po battery packs
providing another 20 kW of power for a limited duration of 18 minutes. The base level of power was
provided by the fuel cell, while the battery system only interfered when higher levels of power were
required.
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Figure 2.10: ENFICA-FC Rapid 200FC exhibited at Rigenergia fair in May 2012. Retrieved from: [50]

The hydrogen was supplied to the fuel cell from two 26 l tanks designed for pressures of 350 bar.
This allowed the aircraft to carry 1.2 kg of compressed hydrogen. The electric motor driving the propeller
was rated at 43 kW and was air-cooled, thus providing large weight savings compared to a liquid-cooled
system. In Figure 2.10 the air inlet to cool the motor is visible at the base of the propeller. Like done
by Boeing, the passenger seat was removed to make space for the powertrain components. [47–49]

The aircraft conversion did increase the weight of the aircraft, but the designers managed to keep the
total weight during test flights around 550 kg which was the maximumweight at which the original Rapid
200 was tested. The aircraft completed 6 flight tests. It achieved a maximum endurance of 39 minutes
and a level speed of 135 km/h. The average pressure drop in the hydrogen tanks was 5.9 bar/min.
[47–49]

2.5.3. Antares DLR-H2
TheGerman Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt or DLR) developed a flying
test bed for electric propulsion technologies based on the single-seater Antares 20E motor glider man-
ufactured by Lange Aviation. Unlike the previous two examples, the production version Antares glider
already included an electric powertrain, with the battery packs stored in the wings and a retractable
electric motor and propeller boom mounted behind the cockpit. DLR converted the aircraft by including
two pods below the wings, ass can be seen in Figure 2.11b. One of the two pods houses the PEMFC
stack, including all the fuel cell support systems. The other pod contains the high-pressure hydrogen
tanks, seen in Figure 2.11a. The batteries originally present were retained in the aircraft but served
only as a backup. This means that the DLR-H2 is capable of performing take-off and climb powered
solely by fuel cells. This is a major difference from other fuel cell aircraft designed so far. [51–53]

(a) On the ground with open hydrogen tank pod. Retrieved from
[54] (b) In flight. Retrieved from [55]

Figure 2.11: Antares DLR-H2 hydrogen fuel cell powered aircraft

The aircraft has been in service since 2009 and is used to expose the fuel-cell powertrain system to
real flight conditions. In 2012 it was fitted with an improved fuel-cell system. The fuel-cell stack itself
consists of 3 modules connected in series with a nominal output of 30 kW. The entire nacelle encasing
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the fuel cells system is air-cooled through the inlet at the front of the pod. The hydrogen tank in the
opposite pod is again rated at 350 bar with a volume of 200 l. This can be translated into a hydrogen
capacity of 4.9 kg, which provides the aircraft with a flight time of about 5 hours. The boom-mounted
motor is rated at 42 kW, thus being more than capable to handle the power produced by the fuel cells.
The entire aircraft, including the pilot, can weigh up to 825 kg. The aircraft successfully demonstrated
the reliability of the fuel-cell powertrain and achieved a hydrogen consumption of around 0.96 kg per
100 km at a velocity of 110 km/h. [51–53]

2.5.4. Pipistrel/DLR Hy4
The Hy4 made its first flight in 2016, becoming the first four-seater aircraft to be powered by fuel cells.
In 2020, the aircraft was upgraded with a new generation fuel-cell powertrain designed as a part of
the European MAHEPA (Modular Approach to Hybrid Electric Propulsion Architecture) project. The
Hy4 aircraft is based on a Taurus G4 battery-powered motor glider, designed by Pipistrel of Slovenia.
Just like the original G4, the Hy4 includes a twin-fuselage with a single motor situated between the two
cockpits, as can be observed from Figure 2.12a and Figure 2.12b. The conversion led by DLR included
fitting the aircraft with a PEMFC powertrain system, augmented by two Li-Po battery packs. This hybrid
configuration was sized to provide half of the maximum power from the fuel-cell stacks and the other
half through the battery system. In cruise, the aircraft could be powered solely by fuel cells. The cruise
power setting allowed for a 15% power margin in the fuel cells. [42, 56, 57]

(a) In level flight during the test campaign. Retrieved from [58] (b) First flight. Retrieved from [59]

Figure 2.12: DLR-Hy4 fuel-cell and battery hybrid aircraft

The hydrogen fuel was stored in two high-pressure tanks located in each of the two fuselages. Fully
loaded, the aircraft weighed 1500 kg. It could achieve a range between 750 and 1500 km depending
on the cruise speed, load, and cruise altitude. The single motor powering the aircraft was rated at 80
kW and propelled the aircraft to a maximum speed of 200 km/h. During a normal cruise, the aircraft
travelled at approximately 145 km/h. [60]

2.5.5. ZeroAvia Piper M test bed
The British/American start-up ZeroAvia had successfully flown an electrified Piper M series aircraft.
Initially, the aircraft was converted to fly using batteries to test the electric powertrain architecture,
including the double electric motors that powered a single propeller. After initial test flights, another
Piper M class aircraft was equipped with a fuel-cell powertrain. According to ZeroAvia [61], the fuel-
cell-powered aircraft completed its first test flight in September 2020. The aircraft can transport 6
people, thus making it the largest flying fuel cell aircraft in the world. It is worth noting, however, that
the actual aircraft can no longer house 6 people due to the additional powertrain components occupying
the passenger cabin. The powerplant on board the aircraft is capable of generating 250 kW of power.
Unfortunately, not many details are known about the powertrain architecture. The company is, however,
already testing the powertrain components for its next project. This will be a fuel-cell conversion of the
Dornier Do 228, but very little reliable information is available at the time of writing. [62, 63]

2.5.6. Discussion on Existing Fuel-Cell Aircraft
A great deal can be learned about the current state of the fuel-cell powertrain technology by looking at
the common decisions made by the engineering teams behind the presented aircraft. The majority of
projects integrated novel powertrain architectures into existing aircraft instead of designing new aircraft
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from the ground up. Using existing aircraft designs not only makes the development cheaper and less
risky but also offers a clear performance comparison to the original.

When it comes to fuel-cell propulsion, all presented aircraft took advantage of PEMFC technology
for their fuel-cell stack. This is unsurprising since the PEMFCs have demonstrated the best overall
performance for transport applications. Secondly, many designs incorporate a Li-ion or Li-Po battery to
help alleviate the fuel cell power requirements during peak load conditions and quick changes in power
requirements during flight. Finally, all aircraft run on compressed hydrogen stored in high-pressure
tanks. Although cryogenic storage offers great potential for increasing the volumetric energy density
of hydrogen fuel it is more expensive and the technology appears to be less mature. However, in
order to compete with the performance of conventional transport aircraft, commuter aircraft will have
to incorporate cryogenic storage. due to the high interest in hydrogen-powered flight, the technology
might mature quickly in the near future.

Besides the powertrain architecture commonalities, most fuel cell aircraft flown to date have been
light aircraft with high lift-over-drag ratios. This comes as no surprise since fuel-cell powertrains still
offer lower specific power density compared to their conventional counterparts. By selecting aircraft with
good aerodynamics and low power requirements, the weight penalty encountered by replacing the ICE
with a fuel-cell powertrain is somewhat mitigated. Nevertheless, the existing fuel-cell-converted aircraft
have struggled to maintain the mass of the aircraft below the certified MTOM even without carrying any
useful payload. Besides the incurred weight penalty, the conversion also brought a volume penalty.
Engineers had to install powertrain components in the aircraft cabin and thus reduce the passenger
space. Nevertheless, by further developing novel powertrain components, specifically for aerospace
applications, their weight and size are likely to reduce substantially.

Ultimately, none of the presented aircraft has been certified. Although the EASA’s 5th Amendment
to the CS-23 regulation has been widely regarded as enabling the certification of novel powertrain
designs for commuter aircraft [64], no aircraft has so far proven that this is indeed the case.

2.6. Existing Research on CS-23 Fuel-Cell Aircraft Design
Over recent years, a few studies on fuel-cell commuter aircraft have been produced. One of the
first ones was the ENFICA-FC project. Besides the aircraft conversion described in Section 2.5, the
ENFICA-FC project also produced conceptual design studies for a slightly larger fuel-cell-powered
transport aircraft. In the paper by Romeo et al. [47], some design results for a new all-electric fuel
cell powered 10-15 passenger aircraft were presented. The paper notes that compared to a turbine-
powered version of the aircraft, the fuel-cell version had an increase in MTOM of 11.5% for a mid-term
future technology scenario. Even so, the fuel-cell version had a reduced range of 1500 km, down from
2300 km, and a reduced cruise speed of 320 km/h, down from 550 km/h.

Similarly to ENFICA-FC, the MAHEPA project was also already mentioned in Section 2.5, because
of their Hy4 aircraft conversion. However, the scope of the MAHEPA project was again broader than
just the aircraft conversion. Generally, the goal of the project was to accelerate and mature hybrid
electric propulsion through the collaboration of academia, research centres, and industry. In a similar
fashion to ENFICA-FC, the MAHEPA project also produced conceptual studies on fitting larger aircraft
with a fuel-cell hybrid powertrain. In their paper, Comincini and Trainelli [56] discuss the methodology
for the fuel-cell hybrid powertrain sizing from the MAHEPA project for both, new and retrofitted aircraft
designs. They validate their results using the previously converted Hy4 aircraft. With this validated
model they produce a conversion study for 4 aircraft of varying sizes, from 4 to 72 seats. The batteries
were sized to supply 50% of the total power and 15% of the total energy, while the fuel cell provided
the rest. The results indicated that the conversions would result in an MTOM increase of 27 to 36%.

Building on the novel powertrain knowledge obtained through the activities of MAHEPA, a new EU-
funded commuter aircraft design project, UNIFIER19, was created. The team behind the project set
out to design a novel 19-seat aircraft that could connect small airfields to larger airports in an envir-
onmentally friendly way [15]. This was to be achieved with a combination of novel aerodynamic and
propulsive technology. 18 different conceptual designs were produced and a trade-off was performed
to select the best candidate. The winning design incorporated a traditional tube-and-wing configura-
tion with a high-mounted wing and V-tail stabiliser surfaces. The aircraft was propelled by a distributed
electric propulsion (DEP) system along the wing leading edge, as well as a single pusher propeller at
the rear of the fuselage. The system drew power from a hydrogen fuel-cell system where hydrogen
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was supplied from a cryogenic tank in the rear of the fuselage. Again, the fuel cells were augmented
by batteries during peak power requirements. [65]

Another similar undertaking in the design of fuel-cell-powered aircraft was produced by Nicolay
et al. [66]. They performed a clean-sheet design, analysis, and preliminary optimisation of fuel-cell-
powered 4-seat general aviation (GA) aircraft. The aircraft design software used was the open-source
SUAVE project from Stanford University. The aircraft requirements were set to typical 4-seat GA aircraft
standards. The results show that the hydrogen-powered aircraft was on par with conventional aircraft
both in terms of performance and aircraft mass. Compared to the Cessna Skyhawk and Cirrus SR20,
the designed aircraft outperformed the reference aircraft in climb rate, range, and cruise speed. It is
worth noting that the results appear very optimistic given the current or near-term future technology
levels.

Focusing heavily on modelling the powertrain, Strack et al. [67] compared the performance and
sizing of ICE-battery hybrid, as well as fuel-cell-battery hybrid architectures against the conventional
turboprop powertrain. The powertrains were sized for a twin-engine 19-seat CS-23 commuter aircraft
with a range of 400 km. Unlike the observations from Nicolay et al. [66], the results in this study
found that the aircraft incorporating a fuel-cell architecture would weigh approximately twice as much
as its conventional counterpart, while also flying at a slightly reduced Mach number. In contrast, the
performance and mass of the ICE-battery hybrid designs were in line with the conventional aircraft.
However, it appears that the technology-level predictions for the powertrain components are somewhat
pessimistic and have been surpassed by the most recent hardware. Thus, the results might no longer
be valid if current technological progress is taken into account.

In summary, it seems like there is no clear consensus on the feasibility of fuel-cell propulsion for CS-23
commuter aircraft or its superiority to other novel powertrain solutions. Most sources are unclear on
the details of their aircraft design process and the implemented fuel-cell model, presumably due to the
inherent complexity of both. Needless to say, this makes it difficult to compare the obtained results
and identify where the shortcomings of individual studies may lie. Nevertheless, from the gathered
literature it can be concluded that augmenting the fuel cells with a battery system is still necessary for
transport aircraft in order to provide the required power levels during the take-off and climb segments.
Furthermore, it is clear that fuel cell power is feasible, at least for smaller aeroplanes. This was proven
with the presented fuel-cell demonstrator aircraft, especially considering some of them were built over
a decade ago with non-aerospace grade components.



3
Research Framework and Benchmark

Based on the information presented in the previous chapter, a research framework for this project will
be established in the following sections. First, in Section 3.1, the research gap in the field of fuel cell
commuter aircraft design will be identified. This section will also formulate the main research goal and
set up relevant research questions. Next, a high-level overview of the approach and the necessary
steps to fulfil the research goal will be given in Section 3.2. After that, the existing software that will
be used to perform aircraft design throughout this project will be presented in Section 3.3. Besides the
software description, the justification for selecting this particular tool will be given. Finally, Section 3.4
will explain the reasoning behind selecting four reference aircraft to serve as the benchmark for the fuel
cell aircraft study during this research.

3.1. Research Goals
As shown in Section 2.6, some quantitative research into the performance benefits of fuel-cell power-
trains for transport aircraft in the CS-23 category already exists. Nevertheless, the studies reached
different conclusions on the feasibility and sensibility of fuel-cell propulsion. Thus, more research into
this topic is needed. Further compounding this need is the fact that the analysis scope of existing
studies is sometimes limited, both in the number of mission parameters, as well as in the sensitivity to
various technical parameters. Furthermore, many studies refer to multiple different design tools to ar-
rive at the performance metrics. Ideally, the aircraft should be sized using the same design framework
to minimise biases introduced with the use of different sizing tools. Thus, the main research objective
in this work is:

To evaluate the performance and viability of fuel-cell powertrain integration on board a CS-23 category
commuter aircraft compared to conventional powertrain architectures by modelling and comparing res-
ults obtained through a single aircraft design synthesis software.

To guide this research and achieve the provided research goal the following set of research questions
were identified:

RQ-1 How does the addition of the hybrid fuel-cell powertrain influence the aircraft conceptual design
process?

RQ-1.1 How do the conventional powertrain sizing procedures have to be modified to permit the
sizing of hybrid hydrogen fuel-cell-powered aircraft?

RQ-1.2 What influence does the addition of hybrid hydrogen fuel-cell powertrain have on the
number of conceptual design loops compared to that of aircraft featuring conventional
powertrains?

RQ-1.3 How does the number of iterations required to achieve design convergence for a hy-
drogen fuel-cell powered aircraft differ from that of aircraft featuring conventional power-
trains?

19
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RQ-2 How does the performance of a hybrid hydrogen fuel-cell powered commuter aircraft differ from
that of aircraft featuring a conventional powertrain?

RQ-2.1 How does the maximum take-off mass of hybrid hydrogen fuel-cell powered commuter
aircraft differ from that of aircraft featuring a conventional powertrain, given the existing
CS23 commuter aircraft TLARs?

RQ-2.2 How does the energy efficiency of hybrid hydrogen fuel-cell powered commuter aircraft
differ from that of aircraft featuring a conventional powertrain, given the existing CS23
commuter aircraft TLARs?

RQ-2.3 How does the mission cost of hybrid hydrogen fuel-cell powered commuter aircraft differ
from that of aircraft featuring a conventional powertrain, given the existing CS23 com-
muter aircraft TLARs?

RQ-2.4 How does the environmental impact of hybrid hydrogen fuel-cell powered commuter air-
craft differ from that of aircraft featuring a conventional powertrain, given the existing
CS23 commuter aircraft TLARs?

RQ-3 Which design parameters are the hybrid fuel-cell commuter aircraft designs most sensitive to?

RQ-3.1 Which mission parameters is the take-off mass of the hybrid fuel-cell powered aircraft
most sensitive to, given the existing CS23 commuter aircraft TLARs?

RQ-3.2 Which technology parameters is the take-off mass of the hybrid fuel-cell powered aircraft
most sensitive to, given the existing CS23 commuter aircraft TLARs?

RQ-3.3 Which mission parameters is the mission energy use of the hybrid fuel-cell powered
aircraft most sensitive to, given the existing CS23 commuter aircraft TLARs?

RQ-3.4 Which technology parameters is the mission energy use of the hybrid fuel-cell powered
aircraft most sensitive to, given the existing CS23 commuter aircraft TLARs?

3.2. General Approach
As the title suggests, this section will establish the framework to achieve the research goal that was
presented in Section 3.1. To set up the framework, it is necessary to identify the required tasks and
milestones that will eventually lead to the overall research goal and also help answer the research
questions in the process. For this purpose, a road map of the research project summarising all the
necessary steps is presented in Figure 3.1. Additionally, the figure also indicates which chapter of this
report each of these tasks is presented in.

The first step in fulfilling the overarching research goals is to select an appropriate aircraft conceptual
design tool. The selected software should be capable of modelling both the fuel cell and conventional
commuter aircraft. However, the selected aircraft design tool may have some limitations that need to
be identified and addressed before using it in this study. These limitations may require modifications
and expansions to the software to make it suitable for this research project.

As will become clear in the next section, where the selected aircraft design software is discussed, a
few shortcomings have indeed been identified and will have to be addressed. First of all, the selected
software has initially been created to support the design of larger, CS-25 transport aircraft and thus
does not support the design of CS-23 commuter aircraft. Consequently, the necessary modifications
will entail identifying, implementing, and enforcing the relevant design constraints stemming directly
from the CS-23 regulations. Furthermore, the mass estimation and other sizing methods will have
to be updated to better accommodate commute aircraft. The new functionality will also have to be
validated by modelling existing conventional CS-23 commuter reference aircraft and comparing the
results.

Additionally, while the chosen aircraft design software in its current form already supports various
novel powertrain architectures, such as full-electric battery powertrain and various ICE-battery hybrid
configurations, fuel-cell powertrain sizing is not yet as advanced or fully validated. Thus, another goal
of this research project will be improving and validating the previously developed fuel-cell powertrain
sizing model.

In parallel to selecting the design software, reference conventional commuter aircraft need to be se-
lected. These aircraft will be used to validate modifications and functionality expansions of the selected
software, establish top-level aircraft requirements for the hybrid hydrogen fuel-cell commuter aircraft,
and serve as a performance benchmark for the new fuel cell aircraft.
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Figure 3.1: Research project road-map

In the next steps, which will be discussed in Chapter 4, the modification and validation of the fuel
cell models in the selected aircraft design software need to be completed. Concurrently, the commuter
aircraft functionality needs to be implemented and validated as well. With these two steps complete,
the fuel cell aircraft can be modelled based on the top-level aircraft requirements of existing reference
CS-23 commuter aircraft. Additionally, to answer research questions regarding cost and environmental
impacts, two new models will need to be developed. These models will estimate mission operational
costs and environmental impacts for both conventional and fuel cell aircraft.

After developing and validating the commuter fuel cell aircraft modelling and analysis functionality,
the results can finally be obtained in the following step. The results will be compared against the original
aircraft using a conventional powertrain in terms of mass, size, mission cost, and environmental impact.
A comprehensive sensitivity analysis will also be performed to answer research question 3 on the
sensitivity of the fuel cell aircraft’s maximum takeoff weight and mission energy use. Ultimately, with all
of the above objectives complete, the overall significance of the presented results and any limitations
in the methodology, models, or results will be discussed. Completing all of these steps hopefully leads
to attaining the research goals for this project.

3.3. Aircraft Conceptual Design Software
The aircraft sizing studies were performed with the use of the Initiator, a tool developed by the Faculty
of Aerospace Engineering at the Delft University of Technology for rapid design evaluation of larger
transport aircraft. While some external modules are written in other programming languages, the core
software is written almost exclusively in MATLAB® (MathWorks, Natick, MA, USA). Besides being an
in-house developed tool, the software was chosen because of its ability to model conventional, as
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well as hybrid powertrain configurations. Moreover, Initiator had recently been expanded to allow the
sizing of aircraft with fuel-cell propulsion units and cryogenic hydrogen storage. These capabilities
made it almost an ideal software for this research project. However, as mentioned above, the Initiator
was developed for large transport aircraft and as such, the implemented design procedures were in
accordance with the EASA’s CS-25 regulations. This meant that the capability to model CS-23-certified
commuter aircraft had to be developed as part of this project. Before this process can be presented,
however, it is first necessary to discuss the inner workings of the Initiator software.

On the uppermost level, Initiator is split into two branches, the first one being the ’conventional’
branch and the second being the ’hybrid’ branch. The ’conventional’ branch is solely used for modelling
conventional aircraft powertrains. The ’hybrid’ branch, however, can model a wide range of electric and
hybrid powertrains, as well as conventional powertrains. As the fuel-cell powered aircraft rely on an
electric powertrain, the Initiator hybrid branch had to be used to obtain the research results. To ensure
consistency, the hybrid branch was also used to obtain results for conventionally powered reference
aircraft needed for software validation. For these reasons, the rest of this report will only discuss the
hybrid branch.

While this research concerns the changesmade to the Initiator, the following sections will explain the
working principle of the existing software in more detail. This shall provide a basis to better understand
the methodology presented in Chapter 4.

3.3.1. Hybrid Aircraft Sizing Procedure
The added complexity of a hybrid-electric aircraft powertrain also translates to a more complex aircraft
sizing process. The conventional sizing can begin by simply determining the power- and wing-loading
design point based on aircraft requirements and constraints. Based on this point, the aircraft powertrain
and lifting surfaces can be sized. Conversely, when sizing hybrid-electric powertrains, there aremultiple
power paths and interacting components that each require their own design point.

The general approach to how this hybrid aircraft sizing was implemented inside Initiator is described
in a 2018 paper by Vries et al. [39]. According to their methodology, 3 parameters are required to
describe a hybrid system power balance. The first parameter is the total power demanded from the
powertrain. The other two parameters are the ’supplied power ratio’ and the ’shaft power ratio’. They
describe the ratio between the shaft power produced by the secondary electrical machinery and the
total shaft power produced, respectively. Since none of the powertrains considered in this research
produces shaft power for propulsion through electrical machinery this term can be ignored.

Unlike the ’shaft power ratio’, the ’supplied power ratio’, is very important for a fuel-cell hybrid power-
train. This term describes the ratio of power drawn from an electrical storage device, such as batteries
or capacitors, with respect to the total power drawn. In this case, the two power sources are batteries
and fuel. The parameter can then be defined as follows:

Φ =
Pbat

Pbat + Pfuel
(3.1)

with Φ representing the ratio, Pbat the power supplied to the propulsor by batteries and Pf the power
supplied by the chosen fuel. By specifying the variable Φ for every phase of the flight, it is possible to
determine the peak power and total energy that every power path within the hybrid powertrain has to
be able to provide.

Once the required energy and power per power path are determined, the individual components can
be addressed. The general equation that needs to be solved when analysing any hybrid powertrain
component is: ∑

Pout = ηi
∑

Pin (3.2)

with the left side of the equation representing the power flowing out of the component and the right
side the power flowing into the component multiplied by the efficiency of the component in question.
Solving a system of equations for the combination of power paths found in the hybrid powertrain being
analysed yields the required power and energy requirements for every component.
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It is important to note how crucial it is that the components are sized for both total energy and peak
power. As an example, a certain battery size is sufficient to supply the required energy throughout the
flight, but it might not be able to provide the necessary peak power required during take-off. In such a
case the battery pack would have to be sized for peak power requirement instead of total energy.

While the paper does not specifically consider the sizing of fuel-cell powered aircraft, the implemented
methods needed only slight modifications to allow for it. Concretely, the fuel-cell-battery powertrain
sizing is performed in the same manner as the serial hybrid powertrain, which draws power from a
gas turbine and a battery. To arrive at a fuel-cell and battery hybrid powertrain, the gas turbine can
simply be replaced by a fuel-cell power unit, while the gearbox and generator can be omitted entirely.
Details on how the individual components of the fuel-cell power unit are sized will be discussed later in
Section 4.2.

3.3.2. Design Loop Structure
The Initiator is composed of individual aircraft sizing and analysis modules that can either be run indi-
vidually or combined into complex design convergence loops. The design convergence loop that was
used to obtain results during this project is depicted in Figure 3.2. The individual blocks represent sep-
arate Initiator sizing or analysis modules that connect to form smaller loops within the basic structure.
There are two larger nested loops visible, the Class 1 & 2 loop and the Class 2.5 loop. The former loop
represents the basis for any aircraft preliminary design. If desired, this loop can be expanded to include
the Horizontal Stability Estimation or HSE. Similarly, the Class 2.5 loop provides additional detail and
complexity to the design results but can be enabled or disabled depending on the desired fidelity of
the results. To better understand the major building blocks of this design convergence loop they will be
described in more detail throughout the following subsections.

Aircraft Input File Aircraft & Engine
Database

Class 1 Hybrid Fuselage
Configurator Geometry Estimation Wing Refinement

 No 

 Yes 

Class 1 & 2

MTOM


Converged?

Converged

Mass & Geometry

Fuselage Weight
Estimation (FWE)

 Yes 

 No 

 Yes 
Class 2.5
Enabled?

Horizontal Stability
Estimation (HSE)

 No 

 Yes 

HSE Enabled?

 Yes 

 No  Class 1 & 2.5

MTOM


Converged?

Class 1 Hybrid Fuselage
ConfiguratorClass 1 Hybrid Fuselage
Configurator Geometry Estimation Wing Refinement

Class 2 Weight
Estimation

Control Allocation,
AVL VLM & Drag

Estimation

Class 2

Class 2.5

FEM Wing Weight

Figure 3.2: Initiator top-level convergence loops

Aircraft Input File & Database
As can be seen from the diagram, the design procedure starts by passing an aircraft input file. This file
is written in XML1 format and contains the aircraft mission requirements, aircraft design parameters,
and analysis settings. Many of the parameters and settings are optional and will revert to default values

1Extensible Markup Language
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programmed into the Initiator when omitted from the input file. This ensures the user can freely decide
between getting the most accurate result possible by including as many known design parameters as
are available or relying mostly on the default values to get a quick aircraft design estimate from the
limited information available about the aircraft.

The information in the aircraft input file is then read by the Initiator and the values become available
to all the individual modules. This information is also used to construct a sample of reference aircraft
and reference aircraft engines from the databases. The database module runs only on the first iteration
of the design convergence and provides the starting point estimates for parameters that converge over
the subsequent iterations.

Class 1 Estimations
In conventional aircraft sizing tools, the class 1 estimations would most likely include the determination
of the wing- and power-loading design point, as well as the most top-level mass estimates based
on reference aircraft regression values and simple fuel fractions. However, as already indicated in
Section 3.3.1, the class 1 estimations of the Initiator hybrid branch require much more complex sizing
methods due to various possible power paths.

Besides producing multiple power-loading diagrams to determine the design point of each power-
train component, the hybrid class 1 estimation also includes the mission analysis that is integral in the
determination of the required fuel and battery mass. However, since some value for the OEM (exclud-
ing the battery) is required to perform the mission analysis, the initial OEM value is taken from the
conventional aircraft database. In a later iteration, this value is replaced by the OEM determined in the
previous iteration.

Class 2 Estimations
After class 1 estimates achieve convergence, the Fuselage Configurator module is run. For the pur-
poses of this research, the fuselage is sized ’inside-out’. In this way, everything that needs to fit inside
the fuselage, such as the passenger cabin and the hydrogen tank, is sized first. Next, the fuselage
walls are sized such that they encase all of the necessary components. The nose-cone and tail-cone
geometry can be largely controlled by the user. For instance, the user can specify the length of the two
’cones’ as a fraction of the fuselage cross-section. Similarly, the user can specify the nose droop and
the tail-cone up-sweep as a fraction of the fuselage cross-section.

The next module to run is theGeometry Estimation which defines the geometry of the majority of the
remaining components, including lifting bodies, stabilisers, pylons, nacelles, fuel tanks, and batteries.
The geometrical sizing is then completed with theWing Refinement module, where the wing geometry
is further refined. To achieve this the module also incorporates external analysis modules, such as
AVL2.

Following the geometry estimation modules, the Class 2 Weight Estimation module is executed.
This module consists of various mass estimation methods, combining empirical, semi-empirical, and
analytical formulas to provide mass estimates of individual subsystems, operational items, and furnish-
ing. This creates a more detailed mass profile of the aircraft. The vast majority of mass estimating
expressions stem from the 1982 aircraft design book of Tornebeek [69]. Unfortunately, these classical
aircraft design books have no mass estimation relations for subsystems specific to novel powertrains,
such as hydrogen fuel tanks, fuel-cell systems, battery systems, and electrical subsystems for propul-
sion. Thus, these subsystems are sized by applying analytical and semi-empirical models from various
research papers on the topic.

Finally, the class 2 estimations are concluded by a variety of smaller modules such as control alloc-
ation and various aerodynamic analyses. In Figure 3.2 these modules were grouped into a single step
for simplicity. First, the Control Allocation module places control surfaces on the appropriate surfaces
on the aircraft. Next, AVL VLM module is run, using the AVL software on the updated aircraft to obtain
more aerodynamic results. Ultimately, the aptly named Drag Module is executed to determine the total
drag value of the current aircraft geometry. To achieve this the module retrieves aerodynamic results
from the AVL VLM module to estimate induced drag. The remainder of the total drag is estimated
by calling upon two other modules, named Parasitic Drag and Wave Drag. Adding all the relevant

2Athena Vortex Lattice or AVL is an open-source aerodynamic analysis tool developed by Mark Drela and Harold Youngren
using an extended vortex lattice model for the lifting surfaces and a slender-body model for fuselages and nacelles. [68]
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drag components together, the Drag Module outputs the new drag polar maps. With this, the class 2
estimations are completed.

Horizontal Stability Estimation
As can be seen from Figure 3.2, if enabled, Horizontal Stability Estimation or HSE is executed just after
the class 2 modules. As the name suggests, the HSE analyses the horizontal stability of the aircraft for
various loading scenarios and various aircraft configurations. These configurations include power-on
and power-off scenarios during take-off, landing, and cruise. Based on this analysis, the wing position
along the fuselage and the horizontal stabiliser surface area are adjusted to satisfy the stability and
manoeuvrability requirements.

Class 2.5 Estimations
The class 2.5 estimations refer to two structural estimation modules that can be toggled on or off inde-
pendently. The first module, the Fuselage Weight Estimation or FWE is concerned with the fuselage
structural mass, while the FEM Wing Weight module is dealing with the main wing structural mass
estimate. Both modules rely on a FEM analysis to try to improve the mass estimations from class
2 methods. Both of these methods are very input sensitive and can cause sudden jumps in mass
estimates or convergence issues, especially when exploring more unconventional designs.

Outputs
Finally, after all the MTOM estimates of class 1, 2, and 2.5 estimations converge within a set of pre-
defined convergence tolerance limits, the loop stops. A file containing the results from every module
that was included in the design loop is created. This file includes all the information apart from the con-
vergence history. To phrase it differently, the file contains all the results from the last design iteration.
Besides this condensed information file, there are numerous plots and figures that the Initiator is able
to produce from the results of these modules. These figures range from MTOM convergence history,
drag polars, final results on subsystem masses, and a complete aircraft geometry, just to name a few.
Two examples, namely the MTOM convergence and the complete aircraft geometry are presented in
Figure 3.3 and Figure 3.4, respectively.

Figure 3.3: Example of a MTOM convergence plot from
Initiator

Figure 3.4: Example of a complete aircraft geometry plot
from Initiator

3.4. Selecting Reference Commuter Aircraft
Out of the numerous commuter aircraft presented in Table 2.1, a set of 4 aircraft was selected to
serve as reference aircraft. These reference aircraft will serve multiple purposes. Initially, conventional
reference aircraft will be modelled in the aircraft design software that will be used throughout this project.
Doing so, the existing software and any necessary modifications done for the purposes of this project
will have the ability to be validated by comparing the software results to the reference aircraft data.
Second, the mission requirements and many design characteristics of these aircraft will be used as
a basis for the fuel cell aircraft designs. Finally, once the fuel cell aircraft results are obtained, these
reference aircraft will allow for a clear comparison between the two powertrain solutions. The remaining
paragraphs will explain the process behind the selection process and present the selected aircraft.
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The selection of reference aircraft was done by assigning a suitability score to each aircraft presen-
ted in Table 2.1. The scores were given according to how good an aircraft did in the respective category.
The scores ranged from very negative ’--’ to very positive, or ’++’ The final score was calculated based
on three different criteria that will be presented in the following paragraphs. The scoring results can be
seen in Table 3.1

Table 3.1: Reference aircraft selection scoring

Grading criteria

Aircraft type
FC powertrain

compatibility

Initiator

compatibility

Data

availability
Final score

Cessna Conquest II 0 0 ++ 2

Beechcraft 350ER - + + 1

Mitsubishi MU-2L 0 + + 2

Beechcraft Model 99A 0 + - - -1

GAF Nomad N24A + - - 0 -1

Harbin Y-12 F + - + 1

DHC-6 Twin Otter 400 ++ - - ++ 2

Embraer EMB 110P2 ++ + + 4

Dornier Do 228-212 + 0 ++ 3

BAE Jetstream 31 + ++ ++ 5

Let L-410 Turbolet NG 0 + + 2

Fairchild Metro 23 0 ++ ++ 4

Beechcraft 1900D 0 0 ++ 2

The first criterion could be summarised as the suitability to fulfil the aircraft mission with a fuel-cell
powertrain. The first consideration here is the aircraft power-to-weight ratio. Since fuel cells are still
trailing behind conventional turbine engines in terms of specific power, fuel-cell-powered aircraft cannot
yet compete with aircraft that have been designed to carry out a mission where very high specific power
is required. This is often true for aircraft with STOL capabilities. Instead, the fuel-cell powertrain might
be a sensible replacement in aircraft with more relaxed field length and climb gradient requirements.
Moreover, the classical commuter aircraft without STOL capabilities are more likely to serve predefined
scheduled routes to larger airports where the operator can provide the necessary hydrogen refuelling
infrastructure for their fleet. Nevertheless, to truly capture the broader commuter aircraft segment it
was also important to provide some diversity in terms of aircraft requirements. Thus, aircraft such as
Do 228-212 and Let L-410, with some slight STOL characteristics, were not automatically excluded
from the reference aircraft candidate list. The second important consideration is the aircraft range.
While hydrogen is more competitive with regard to range requirements when compared to pure battery
propulsion, it still needs a large and heavy hydrogen tank. Thus, any aircraft with excessive range was
scored negatively.

Furthermore, the capabilities of the aircraft design synthesis software had to be considered when
selecting reference aircraft. The selected software called the ’Initiator’ was originally developed to study
larger commercial airliners. Hence, it was not particularly well suited to recreate certain features present
on some of the aircraft included in Table 2.1. For instance, features such as non-circular fuselage cross-
sections, wing support struts, or non-retractable landing gear required extensive modifications to the
core software to be modelled correctly. Thus, aircraft with such features were again scored negatively.

The ultimate consideration for selecting reference aircraft was the availability of aircraft design data.
To accurately replicate an aircraft in an aircraft sizing environment such as the Initiator, a great amount
of detail concerning mission parameters, flight performance, geometry, and subsystem information is
required. Publicly available information on some of the listed aircraft is often too scarce to accurately
extract this design data. Thus, the third selection criterion reflects this data availability.

Finally, taking into account all the considerations laid out above and tallying the scores in Table 3.1,
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the following four aircraft were selected to serve as reference aircraft: Fairchild Metro 23, Dornier Do
228-212, BAE Jetstream 31, and Embraer EMB 110P2. The general information about these four
aircraft is presented in Table 3.2.

Table 3.2: Reference commuter aircraft data. Information compiled from Jane’s [18].

Parameter Unit Aircraft type

Do 228-212 Metro 23 Jetstream 31 EMB 110P2

General

MTOM kg 6400 7484 6950 5670

OEM kg 3742 4309 4488 3516

Total length m 16.56 18.09 14.37 15.10

Wingspan m 16.97 17.37 15.85 15.33

Wing-loading kg/m2 200.0 260.7 275.8 195.5

Power-loading kg/kW 5.53 4.56 4.96 5.07

Performance

Max. payload kg 1848 2268 1805 1681

Range** km 800* 978 780* 440*

Cruise Mach - 0.362 0.400 0.382 0.283

Service ceiling m 8535 7620 7620 6860

Passenger cabin

Seat number - 19 19 19 19

Seat layout - 1+1 1+1 2+1 2+1

Pressurisation - No Yes Yes No

*Estimated by the author through analysis and other available data.
**At maximum payload.



4
Methodology

This chapter introduces the methodology behind the research presented in this report. First, the
changes to the aircraft sizing software will be explained, beginning with the capability to size com-
muter aircraft in Section 4.1. In the same section, the sizing results for the 4 reference conventional
commuter aircraft will be shown and validated. Next, Section 4.2 will describe the existing fuel-cell
powertrain model and explain the modifications that were performed for the purpose of this research.
Subsequently, the selected fuel-cell powertrain configuration and fuel cell aircraft design missions will
be presented in detail in Section 4.3. Finally, the development of models to estimate emissions and
mission energy cost will be explained in Section 4.4.

4.1. Adding Commuter Aircraft to the Design Software
As mentioned in Section 3.3, the Initiator aircraft sizing software was lacking the ability to size CS-23
certified commuter aircraft. Since such aircraft were never sized with the Initiator before, they inevitably
unveiled many shortcomings and bugs within the software. Unfortunately, it would be difficult to mention
every modification and fix that had to be implemented to achieve reliable aircraft sizing. Instead, this
section will briefly talk about the challenge of modifying the preliminary design software, present some
of the more notable modifications to the software, and explain how the results were validated.

Introducing changes to the preliminary sizing software can present a difficult balancing act. To size
the reference commuter aircraft more accurately, the software needed more design settings and para-
meters to be directly controlled by the user, since the existing values did not reflect the characteristics
of commuter aircraft. However, adding more settings can lead to design software asking the user to
input information that is very specific and perhaps unknown in the preliminary stages of the design
process. Thus, the challenge is to satisfy both, the capability to replicate existing aircraft designs in
detail, as well as the ability to size completely novel, preliminary designs for which many parameters
are still unknown.

Consequently, the changes were made in such a way, that the user is able to input very specific
design parameters, but is not obliged to do so if the information is not available. This wasmade possible
by creating a new settings file that contains default values for a typical commuter-type aircraft. Thus,
when the user does not have the information available, the software can revert to the default values.
Alternatively, when detailed information is available the user can easily override the default values
where deemed necessary.

4.1.1. CS-23 Requirements
To enable commuter aircraft sizing, the first change to the Initiator software was implementing the
relevant CS-23 aircraft certification requirements. All requirements were in accordance with the latest,
5th Amendment to the EASA’s CS-23 regulation set. However, naturally, not all requirements in the
CS are relevant to the preliminary design process. In fact, only a select few key requirements were
identified as critical and ultimately implemented.

Sincemany of the requirements in the latest amendment have become less prescriptive it was some-
times difficult to quantify required aircraft performance for the purposes of aircraft design. However,

28
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EASA did also specify ’Acceptable Means of Compliance’ or AMCs for the majority of requirements for
which this could be the case. The AMCs describe non-binding1 means to comply with the basic reg-
ulations[70], usually in a more quantifiable way. Thus, where practical, appropriate AMCs were used
as design constraints. As can be seen in the list of the implemented requirements below, all of these
AMCs are part of the basic regulations present in the previous, 4th amendment to the CS-23.

Climb Gradient Requirements
Arguably, the most important requirements for aircraft preliminary design stem from the restrictions
on flight path gradients in various All Engines Operating (AEO) and One Engine Inoperative (OEI)
scenarios. These gradients directly restrict the available design space within the aircraft wing- and
power-loading diagram. For CS-23 aircraft 7 relevant climb gradient restrictions were implemented.
The first 3 come from requirement CS 23.2120 titled ’Climb Requirements’:

The design must comply with the following minimum climb performance out of ground effect:

• CS 23.2120.a.2
With all engines operating and in the initial climb configuration(s) a climb gradient at take-off of
4%.

• CS 23.2120.b.3
After a critical loss of thrust on multi-engine aeroplanes a 2% climb gradient at 122 m (400 ft)
above the take-off surface with the landing gear retracted and flaps in the approach configuration.

• CS 23.2120.c
A climb gradient of 3% during balked landing, without creating undue pilot workload, with the
landing gear extended and flaps in the landing configuration(s).

The other 5 climb gradient requirements come from CS 23.2115 titled ’Take-off performance’ and CS
23.2125 titled ’Climb Information’. However, these requirements are implemented through their respect-
ive AMCs. All 5 climb requirements that will be listed here concern the aircraft with OEI. First, the CS
23.2115 is implemented through the CS 23.57 of amendment 4 where it is stated:

For each commuter category aeroplane, the take-off path is as follows;

• CS 23 Amdt 4; 23.57.c.1
During the take-off path determination, in accordance with sub-paragraphs (a) and (b), the slope
of the airborne part of the take-off path must not be negative at any point;

Finally, the CS 23.2125 is implemented through the CS 23.67.c of amendment 4 where the following
climb restrictions are stipulated:

For commuter category aeroplanes, the following apply;

• CS 23 Amdt 4; 23.67.c.1
Take-off: landing gear extended. The steady gradient of climb at the altitude of the takeoff surface
must be measurably positive with –

i. The critical engine inoperative and its propeller in the position it rapidly and automatically
assumes;

ii. The remaining engine at take-off power;
iii. The landing gear extended, all landing gear doors open;
iv. The wing flaps in the take-off position(s);
v. The wings level; and
vi. A climb speed equal to V2

2.
1It is possible for the aircraft manufacturer to show compliance with the regulation by other means than specified in the AMC.

However, the regulatory body must agree that the custom proof of compliance is valid.
2The speed at which the aircraft may safely climb with one engine inoperative.
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• CS 23 Amdt 4; 23.67.c.3
En-route: the steady gradient of climb at an altitude of 457 m (1 500 ft) above the takeoff or
landing surface, as appropriate, must be no less than 1.2% with –

i. The critical engine inoperative and its propeller in the minimum drag position;
ii. The remaining engine at not more than maximum continuous power;
iii. The landing gear retracted;
iv. The wing flaps retracted;
v. The wings level; and
vi. A climb speed not less than 1.2; VS1

3.
• CS 23 Amdt 4; 23.67.c.4
Discontinued approach: the steady gradient of climb at an altitude of 122 m (400 ft) above the
landing surface must be no less than 2.1% with:

i. The critical engine inoperative and its propeller in the minimum drag position;
ii. The remaining engine at takeoff power;
iii. The landing gear retracted;
iv. The wing flaps in the approach position(s) in which VS1

4 for these positions(s) does not
exceed 110% of the VS1 for the related all-engines-operating landing position(s)

v. A climb speed established in connection with normal landing procedures but not exceeding
1.5 VS1.

Implementing these constraints in the Initiator reflects in the aircraft power- vs. wing-loading diagrams.
To illustrate this, Figure 4.1 presents two different constraint diagrams. While the aircraft TLARs are
the same, some of the climb gradient requirements differ between the two diagrams. The diagram
presented in Figure 4.1a corresponds to climb requirements in CS-25 regulations, while the diagram in
Figure 4.1b corresponds to climb requirements in CS-23 regulations.

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00

10
00

0

Wing loading W
TO

/S [N/m2]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

P
ow

er
-lo

ad
in

g 
(C

or
re

ct
ed

 g
as

 tu
rb

in
e 

po
w

er
)

 W
T

O
/P

G
T

,S
L
 [N

/W
]

Feasible design space
Powered stall speed
Cruise speed
Take-off distance
OEI balked landing
OEI ceiling
OEI second segment climb
OEI take-off climb, LG ext.
OEI take-off climb, LG ret.
OEI en-route climb
AEO rate-of-climb at SL
Design point for minimum wing size
Selected design point

(a) CS-25

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00

10
00

0

Wing loading W
TO

/S [N/m2]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

P
ow

er
-lo

ad
in

g 
(C

or
re

ct
ed

 g
as

 tu
rb

in
e 

po
w

er
)

W
T

O
/P

G
T

,S
L
 [N

/W
]

Feasible design space
Powered stall speed
Cruise speed
Take-off distance
OEI balked landing
OEI ceiling
OEI second segment climb
AEO balked landing
AEO take-off climb
OEI take-off climb, LG ext.
OEI take-off climb, LG ret.
OEI en-route climb
AEO rate-of-climb at SL
Design point for minimum wing size
Selected design point

(b) CS-23

Figure 4.1: Examples of aircraft constraint diagrams corresponding to different climb gradient requirements.

Although most of the constraint curves are very similar between the two certification sets, there are
a few notable differences. For example, the OEI take-off climb gradient with flaps extended and the

3Aircraft stall speed in a clean configuration.
4See footnote 3
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landing gear retracted is less restrictive in CS-23 than in CS-25. Additionally, some constraints were
not imposed on the CS-25 aircraft, such as the minimum AEO take-off climb and AEO balked landing
constraints.

Structural Load Factor Requirements
Another important set of parameters in preliminary aircraft design concerns the structural load factors,
more concretely, the maximum positive and negative manoeuvre and gust load, as well as the ultimate
load factors. The manoeuvre and gust load values were calculated based on the AMCs corresponding
to the requirement CS 23.2200 on the ’Structural design envelope’:

• CS 23 Amdt 4; 23.337.a.1
The positive limit manoeuvring load factor n may not be less than 2.1 + 24000/(W + 10000) for
normal and commuter category aeroplanes (where W = design maximum take-off weight lb),
except that n need not be more than 3.8.

• CS 23 Amdt 4; 23.337.b
The negative limit manoeuvring load factor may not be less than 0.4 times the positive load factor
for the normal, utility and commuter categories.

• CS 23 Amdt 4; 23.341.c
In the absence of a more rational analysis the gust load factors must be computed as follows:
n = 1± (kg · ρ0 · Ude · V · a) / 2(W/S), where:

kg = (0.88µg) / (5.3 + µg) = Gust alleviation factor;

µg = 2 (W/S) /
(
ρ · C · a · g

)
= Aeroplane mass ratio;

Ude = Derived gust velocities referred to in CS 23.333(c)5 (m/s);

ρ0 = Density of air at sea-level (kg/m3);

ρ = Density of air (kg/m3) at the altitude considered;
W
S = Wing loading due to the applicable weight of the aeroplane in the particular load case

(N/m2);

C = Mean geometric chord (m);

g = Acceleration due to gravity (m/s2);

V = Aeroplane equivalent speed (m/s); and

a = Slope of the aeroplane normal force coefficient curve CNα
per radian if the gust loads

are applied to the wings and horizontal tail surfaces simultaneously by a rational method.
The wing lift curve slope CL per radian may be used when the gust load is applied to
the wings only and the horizontal tail gust loads are treated as a separate condition.

Finally, the ultimate loads were determined through requirements CS 23.2230 on ’Limit and ultimate
loads’:

• CS 23.2230.a.2
Unless special or other factors of safety are necessary to meet the requirements of this Subpart,
the applicant must determine the ultimate loads, which are equal to the limit loads multiplied by
a 1.5 factor of safety, unless otherwise provided.

Unlike the climb gradient requirements, the structural loads depend on the mass of the aircraft and
its performance. Thus, the specific values of these restrictions had to be computed for every aircraft

5CS 23 Amdt 4; 23.333.c describes the shape and strength of the gusts that the aircraft has to be designed for, as well as the
aircraft speeds at which the compliance must be achieved.
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separately. While the manoeuvre limit load and ultimate load calculations were very simple, the gust
envelope calculations were slightly more complicated. The gust load envelope determination followed
the methods included in the general aviation design book by Gudmundsson [71].

With the help of these calculations, it was determined that the manoeuvre loads were more restrict-
ive than the gust loads for all four selected conventional commuter aircraft, as well as for the four fuel
cell aircraft that will be presented later in this study. Additionally, it was found that the default values of
the design limit loads in the Initiator did not accurately represent the CS-23 commuter aircraft and had
to be updated. Concretely, the positive design limit loads had to be increased to values between 2.8
and 3.1, while the negative limit loads had to be decreased to a value of approximately -1.2, depending
on the mass of the aircraft in question.

4.1.2. Database Expansion
The Initiator database holds information on existing aircraft and engines. Its role is to provide the design
convergence loops with initial statistical estimates for some of the basic aircraft masses and design
parameters. There are separate databases for different types of aircraft, such as large jet transport
aircraft, business jets, and turboprop transport aircraft. The parameters in the aircraft database range
from information on masses, such as aircraft payload and OEM, to aircraft geometric characteristics,
such as fuselage dimensions and wing areas. Similarly, the engine database is split into jet engines,
turboprop engines, and APUs. The information provided on these engines includes but is not limited
to the mass, specific fuel consumption, and geometry.

Unfortunately, the database did not include any aircraft and engines relevant to the commuter class
aircraft category. Since the database is responsible for providing the Initiator with initial design estim-
ates, the lack of relevant reference aircraft and engines meant that these estimates were very inaccur-
ate. In summary, while it was possible to run the CS-23 commuter aircraft using the existing database,
it prolonged the design convergence. Tomitigate this, the database was expanded to include the CS-23
aircraft segment in a separate database sheet, while the existing turboprop engine list was expanded
to include a host of smaller turbine engines, used in various CS-23 aircraft.

4.1.3. Mass and Geometry Estimation
Many of the existing mass and geometry estimation relations were too focused on the large transport
aircraft to provide an accurate description of much smaller, slower, and often less advanced commuter
aircraft. Thus, it was necessary to expand or rewrite numerous sizing relations and update various
design settings. The following paragraphs will briefly describe a few of the most notable changes
made.

Class 2 Mass Estimates
As already indicated in Section 3.3.2, the vast majority of class 2 mass estimation equations were
taken from the aircraft design book by Tornebeek [69]. Fortunately, while not implemented inside the
Initiator, the designmethods presented by Torenbeek do in fact include sizing equations for smaller, less
complex turboprops, such as commuter aircraft. Hence, in most cases, the adaptation of Initiator class
2 mass estimations for commuter aircraft was possible by simply expanding existing sizing methods to
also include these equations. The subsystems for which the mass estimation was updated include:

• Main Wing;
• Fuselage;
• Engine and nacelle;
• Fixed equipment6;
• Cabin furnishing;
• Operational items.

Among the most impactful changes for commuter mass estimation was the possibility to remove
the APU and the corresponding subsystem mass, the possibility to specify manual controls (instead of
hydraulically powered), the reduced avionics, furnishing, and operational items mass, and – for some
aircraft – the possibility to specify a non-pressurised cabin.

6Fixed equipment includes the fuel system, aerodynamic controls, hydraulic and pneumatic systems, avionics and instrument-
ation, electrical system, air conditioning, pressurisation, anti-ice, and the APU
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Geometry Estimation
The two most visible modifications concern the landing gear and the stabiliser surfaces. In both cases,
the preexisting sizing and positioning logic did not represent the configurations encountered on the
reference commuter aircraft. To mitigate this the nose landing gear positioning was made such that the
user can specify where along the fuselage the wheels should be located. If the position is not specified,
the default location at 5% fuselage length is selected instead.

Similarly to the nose gear, the stabiliser surfaces were previously shaped and positioned according
to pre-programmed values and flow characteristics. However, the flow conditions in flight are only one
of the considerations when designing the stabilisers. The stabiliser surfaces on commuter aircraft are
often more swept than necessary to deal with the velocity of the incoming flow. Instead, the sweep
is present to increase the moment arm of the surface or to postpone flow separation. To implement
these design choices, the user can now specify all of the main shape and location parameters for the
stabiliser surfaces, such as their sweep angle, dihedral angle, as well as their vertical and longitudinal
location.

4.1.4. Mission Data for Aircraft Sizing
Before the aircraft can be sized it is also important to determine the design missions. A representative
schematic mission profile is presented in Figure 4.2. The order of the various flight segments visible
in the figure corresponds to the order in which the Initiator mission analysis is performed. While some
analysis models account for the loiter inside another mission segment, the loiter segment within the
Initiator is positioned at the very end of the mission. Thus, it is important to note that the loiter fuel
will not be included in the mission (or trip) fuel when presenting the sizing results and throughout the
energy efficiency analysis in the next chapter.

The altitudes and distances for each of the three segments can be freely chosen by the user, de-
pending on themission requirements. Unfortunately, the range data on reference aircraft did not include
information on the reserve fuel with which the range was determined. At most, the data indicated that
the range is given with ’IFR reserves’. Thus, the values for reserve fuel which covers the diversion
and loiter had to be determined by examining the relevant regulations on commercial flight operations.
While the exact laws on reserve fuel for commercial IFR flights vary between governing bodies of dif-
ferent governments, they usually require the aircraft to be able to fly to the intended destination airport
and divert from there to a designated alternate airport with at least 30-45 minutes of contingency fuel.
For this research, the diversion to an alternate airport is set at 200 km and the contingency is satisfied
by 45 minutes worth of loiter fuel.

Mission range:

Variable per aircraft

Diversion:

200 km

Loiter:

45 min

Al
tit

ud
e

Time / Distance

Figure 4.2: Typical commuter aircraft mission profile

Another value that had to be set was the mass of an average passenger. According to the latest report
on commercial aircraft passengers performed by Lufthansa Consulting for EASA [72] the mean value
of adult passengers was determined to be 76.3 kg. Additionally, the average value of carry-on luggage
was found to be 7.7 kg. Thus, the typical adult passenger accounts for 84.0 kg. It was decided to
increase this value to 85 kg to apply a margin for potential additional luggage.

Furthermore, it was decided that the reference commuter aircraft sizing will be constrained by two mis-
sions: a ’harmonic’ mission and a ’nominal’ mission. A harmonic mission was defined as the maximum
range given the maximum permitted aircraft payload, while the nominal mission was defined as the
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maximum range with a 19-passenger payload. Setting the average passenger mass to 85 kg, resulted
in a nominal mission payload of 1615 kg. The design mission data is summarised in Table 4.1.

Table 4.1: Reference commuter aircraft mission data. Information compiled from Jane’s [18].

Parameter Unit Aircraft type

Do 228-212 Metro 23 Jetstream 31 EMB 110P2

Harmonic mission

Payload kg 1848 2268 1805 1681

Range km 800* 978 780* 440*

Cruise Mach - 0.362 0.400 0.382 0.283

Cruise altitude m 3048 6053 7620 3048

Nominal mission

Payload kg 1615* 1615* 1615* 1615*

Range km 1166 2065 1192* 520*

Cruise Mach - 0.362 0.400 0.382 0.283

Cruise altitude m 3048 6053 7620 3048

*Estimated by the author through analysis and any other available data.

4.1.5. Validation of CS-23 Commuter Aircraft Implementation
Validation of the previously existing Initiator software in combination with the recent changes introduced
to enable the modelling of commuter aircraft was essential to increase confidence in the research and
quantify any possible discrepancies. Unfortunately, it was not possible to validate a complete fuel-
cell-powered commuter aircraft at once, since none such aircraft has actually been produced to this
day. However, it was possible to validate results for conventionally powered commuter aircraft, while
performing a separate validation of individual fuel-cell powertrain components. Thus, this section will
discuss the validation of the former, while the next section on the fuel-cell powertrain will present the
latter.

Parametric Validation
The first part of the validation for conventional commuter aircraft was performed by comparing some
of the most important parameters in the preliminary aircraft design to the values of reference aircraft.
Concretely, the selected validation parameters, are the OEM, MTOM, total fuel fraction, wing loading,
and power loading. Table 4.2 presents these Initiator aircraft sizing results for the 4 modelled aircraft
and compares them against the reference values.

Generally, the results seem to indicate a high degree of accuracy of the Initiator results. The largest
discrepancy that can be observed between the Initiator results and reference takes on a value of 15.6%.
In fact, this is the only entry to exceed a 10% discrepancy. Moreover, only one of the MTOM results
exceeds a discrepancy of 6%. This level of accuracy is more than satisfying, especially considering the
difficulty of accurately estimating these values for commuter aircraft. The selected aircraft have vastly
different equipment and technical complexity levels, which makes it hard to produce accurate results
for all of them using the same tool.

As can be seen in the table, the results include 3 different ’depths’ of Initiator mass and geometry
estimations, which have been described in Section 3.3. Looking at the obtained values one can notice
some differences between the results from different design convergence ’depths’. Generally speaking,
the OEM estimate increased by including the class 2.5 and HSE estimation modules. Especially by
adding the HSE analysis module, the OEM estimates grow noticeably. To understand this discrepancy
better it is important to investigate the results further, which will be done in the subsequent paragraphs.
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Table 4.2: Validation of conventional commuter aircraft implementation

Aircraft OEM [kg] MTOM [kg] Fuel Fraction* [%] W/S [kg/m2] W/P [kg/kW]

Dornier Do 228-212 3742 Diff [%] 6400 Diff [%] 12.66 Diff [%] 200.0 Diff [%] 5.53 Diff [%]

Class 2 3781 +1.0% 6371 -0.5% 11.67 -7.9% 200.0 +0.0% 5.53 +0.0%

Class 2.5 3924 +4.9% 6529 +2.0% 11.62 -8.2% 200.0 +0.0% 5.53 +0.0%

Class 2.5 & HSE 4326 +15.6% 6992 +9.2% 11.69 -7.7% 200.0 +0.0% 5.53 +0.0%

Fairchild Metro 23 4309 Diff [%] 7484 Diff [%] 12.12 Diff [%] 260.7 Diff [%] 4.56 Diff [%]

Class 2 4619 +7.2% 7800 +4.2% 11.67 -3.7% 260.8 +0.0% 4.53 -0.7%

Class 2.5 4467 +3.7% 7627 +1.9% 11.71 -3.4% 260.8 +0.0% 4.52 -0.9%

Class 2.5 & HSE 4638 +7.6% 7802 +4.2% 11.49 -5.2% 260.8 +0.0% 4.58 +0.4%

BAE Jetstream 31 4488 Diff [%] 6950 Diff [%] 9.45 Diff [%] 275.8 Diff [%] 4.96 Diff [%]

Class 2 4087 -8.9% 6543 -5.9% 9.94 +5.2% 275.5 -0.1% 4.96 +0.0%

Class 2.5 4143 -7.7% 6606 -4.9% 9.97 +5.5% 275.5 -0.1% 4.96 +0.0%

Class 2.5 & HSE 4277 -4.7% 6758 -2.8% 10.00 +5.8% 275.5 -0.1% 4.96 +0.0%

Embraer EMB 110P2 3516 Diff [%] 5670 Diff [%] 8.34 Diff [%] 195.5 Diff [%] 5.07 Diff [%]

Class 2 3555 +1.1% 5706 +0.6% 8.27 -0.8% 195.1 -0.2% 5.31 +4.7%

Class 2.5 3664 +4.2% 5823 +2.7% 8.24 -1.3% 195.1 -0.2% 5.31 +4.7%

Class 2.5 & HSE 3662 +4.2% 5825 +2.7% 8.30 -0.4% 195.1 -0.2% 5.31 +4.7%
*Fuel fraction is calculated as total fuel mass for the harmonic mission, including a diversion and loitering time, divided by the aircraft MTOM. For the reference aircraft fuel
fraction value, the total fuel mass value was obtained by subtracting the maximum payload and OEM from the MTOM.

Geometric Validation
While the values seen in Table 4.2 appear very promising, they do not offer the entire picture. Although
unlikely, the numerical sizing values may match the reference aircraft by chance. To try to disprove
that, another, more visual, method of validation can be used. Thus, this second part of the validation
compares the aircraft top-view geometry results against the reference aircraft drawings.

First, the Initiator design convergence geometry results with class 2.5 ’depth’ were analysed. Without
the HSE module enabled, it was possible to specify the exact longitudinal location of the main wing and
the horizontal stabiliser. Furthermore, it was possible to specify the horizontal stabiliser size by tuning
the horizontal tail volume value, as well as all the geometry parameters, such as sweep, aspect ratio,
and taper. Thus, the wing and stabiliser location, as well as the horizontal stabiliser shape could be
matched perfectly to the reference aircraft. The resulting aircraft top views, reference aircraft drawings,
and overlays for all four aircraft can be seen in Figures 4.3–4.6.

Retaining the aircraft order that can be seen in Table 4.2, the Dornier Do 228-212 results displayed in
Figure 4.3 are analysed first. While the aircraft geometry produced by the Initiator generally matches
that of the reference aircraft, two discrepancies can be pointed out. The more obvious of the two is
the difference in the main wing shape. While the reference aircraft has a distinct wing planform with
two ’kinks’ in the leading edge, the Initiator aircraft does not. This is one of the limitations currently
present in the Initiator where the user is only able to specify one change or ’kink’ in the wing planform.
Furthermore, the reference wing has different sweep angles along the wing length compared to the
Initiator version. This is a result of the Initiator determining the sweep automatically to increase the
critical Mach number based on the most critical incoming flow conditions encountered by the aircraft.
However, the wing sweep on the reference aircraft might have been dictated by other considerations,
which the Initiator did not successfully capture.

The second, less visible discrepancy is present in the fuselage shape. Carefully examining Fig-
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ure 4.3c, one might notice that the fuselage of the reference aircraft is slightly narrower compared to
the Initiator results. Again, this is a result of Initiator limitations. While the reference aircraft has a
rectangular fuselage cross-section, the Initiator is unable to capture this. Instead, the fuselage section
is more circular. Enclosing a cabin that would otherwise be rectangular using a circular cross-section
results in a slightly wider fuselage. The difference in fuselage shape also contributes negatively to the
aerodynamic and structural analysis accuracy which might also explain some of the discrepancies in
the total fuel fraction seen in Table 4.2.

(a) Initiator result (Class 2.5) (b) Reference geometry. Adapted from [18] (c) Result overly

Figure 4.3: Dornier Do 228-212 aircraft planform geometry comparison

For the Fairchild Metro 23, depicted in Figure 4.4, the Initiator geometry matches the reference
drawings very well with only some minor imperfections. While errors in the fuselage and wing size,
shape, and placement are almost invisible, the engines and the horizontal tail are slightly misplaced.
The engines are positioned a bit further from the fuselage than those seen on the reference aircraft
drawing. Similarly, the horizontal tail is located a small distance too far toward the back of the aero-
plane. Unlike the discrepancies seen in the case of Do 228-212 that were due to the Initiator limitations,
this slight mismatch was caused by minor errors in the tuning of geometry parameters controlling en-
gine and stabiliser placement. Nevertheless, these minor imperfections are unlikely to cause notable
discrepancies in the aircraft sizing results.

(a) Initiator result (Class 2.5) (b) Reference geometry. Adapted from [73] (c) Result overly

Figure 4.4: Fairchild Metro 23 aircraft planform geometry comparison

The last two aircraft that have to be analysed are the BAE Jetstream 31 and the Embraer EMB
110P2, seen in Figure 4.5 and Figure 4.6, respectively. For these two aircraft, the top-view geometrical
results and the reference aircraft match almost perfectly. Hence, these results will not be discussed
further.

Overall, apart from a few minor imperfections, the presented geometrical results showed an excellent
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(a) Initiator result (Class 2.5) (b) Reference geometry. Adapted from [18] (c) Result overly

Figure 4.5: BAE Jetstream 31 aircraft planform geometry comparison

(a) Initiator result (Class 2.5) (b) Reference geometry (c) Result overly

Figure 4.6: Embraer EMB 110P2 aircraft planform geometry comparison

match with the reference data. However, it is important to remember that these were only the results
produced with Initiator’s class 2.5 ’depth’. Therefore, it is also necessary to analyse the rest of the
results. Since the geometry produced by the class 2 ’depth’ was almost identical to that of the presented
class 2.5 ’depth’ it will not be discussed separately. Conversely, adding the HSE to the convergence
loop gives Initiator the authority to position the main wing and scale the horizontal stabiliser as it sees
fit to ensure pitch stability and manoeuvrability of the aircraft. Thus, a brief analysis of the results
produced with a full class 2.5 & HSE has to be performed as well.

Figure 4.7 displays the top-view of the aircraft geometry as produced by the Initiator on the class
2.5 & HSE ’depth’. Additionally, the reference aircraft drawings are again overlaid onto the figures for
comparison. Note, that the geometry of the Embraer EMB 110P2 is not present in Figure 4.7. This is
due to the very high degree of result similarity to the one obtained with class 2.5 ’depth’ only, seen in
Figure 4.6.

In all three presented plots, the main wing can be seen shifted backwards substantially. This could
suggest a possible miscalculation inside the HSE module. Additionally, the size of the horizontal stabil-
iser on the Do 228-212 is greatly increased in size. Furthermore, running the HSE with other high-wing
aircraft the same trends can be observed, suggesting the error is affecting high-wing aircraft more than
their low-wing counterparts. This horizontal tail size difference can at least partially explain the large
discrepancy between different Initiator OEM results for the Do 228-212 seen in Table 4.2.

In summary, the class 2 and class 2.5 Initiator geometry results show a high degree of accuracy when
compared against the reference aircraft geometry. Thus, these modules can be considered validated.
However, the discrepancies introduced by the HSE module do not offer the same confidence in results.
Unfortunately, horizontal stability analysis will be an important component in sizing the fuel cell aircraft
due to the high mass of the cryogenic fuel tank which will most likely be placed far away from the
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(a) Dornier Do 228-212 (b) Fairchild Metro 23 (c) BAE Jetstream 31

Figure 4.7: Overly of Initiator class 2.5 & HSE results with reference geometry

centre of mass. Therefore, while no concrete errors are known to be present in HSE the module, any
significant results incorporating this module will have to be assessed with a degree of scepticism.

4.2. Fuel-Cell Powertrain Model Modifications
As mentioned in Section 3.3, the fuel-cell powertrain model was already integrated into the Initiator
aircraft design synthesis software. The existing models for performance and sizing the entire fuel cell
power unit (i.e. single fuel-cell performance, fuel-cell stacks, and BoP components) were implemented
by Juschus [74], whereas the cryogenic hydrogen tank model was implemented by Onorato [75]. How-
ever, before using these models to obtain any aircraft sizing results it was decided to attempt to better
verify and validate the models for which commercially available hardware data was possible to obtain.
Thus, this section will describe the existing models, describe the validation process and present any
modifications or other changes to these models for the purposes of this research project.

4.2.1. Fuel-Cell Performance Model
The performance model of a fuel cell is based on the polarisation curve. This equation is the backbone
of any fuel cell performance analysis. It relates the real fuel cell output voltage Vcell to the current
density loading i. The current density loading i is obtained by dividing the cell current Icell with the cell
area Acell and is usually given in A/cm2.

Generally, the open circuit voltage Voc (also referred to as the reversible voltage) of an individual fuel
cell can be predicted by thermodynamic analysis. However, when the cell is connected to an electrical
circuit, the fuel cell voltage decreases. This decrease in potential can be attributed to irreversible
loss mechanisms [76]. Thus, to arrive at a realistic voltage output, one has to subtract a range of
over-voltage losses that occur in the cell. Namely, these are activation potential (ηact), concentration
overpotential (ηconc) and ohmic overpotential (ηohm). With these losses in mind, the polarisation curve
can be written as presented by Equation 4.1 [31, 77–82]. Some authors make a distinction between
the losses happening at the anode and cathode, arriving at the slightly more elaborate relation seen in
Equation 4.2 [83, 84].

V (i) = Voc − ηact(icell)− ηconc(icell)− ηohm(icell) (4.1)

V (i) = Voc − (ηact,a(icell) + ηact,c(icell))− (ηconc,a(icell) + ηconc,c(icell))− ηohm(icell) (4.2)

These three losses affect the voltage output in different parts of the current density range. Looking at
Figure 4.8, one can observe how the activation loss is having the greatest effect on the voltage output
at low current densities, while the concentration loss is occurring mostly towards the maximum current
density. Finally, the ohmic loss dominates in the mid-range. The remainder of this section will examine
each term of Equation 4.1 in more detail, starting with the open circuit voltage.
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Figure 4.8: Example of a typical polarisation curve for a PEMFC, including the regions of main loss mechanisms. Retrieved
from: [34]

Open Circuit Voltage
The Voc represents the thermodynamic potential of the cell and is based on the law of Nernst. The law
stipulates that for the following electrochemical reaction: [78]

A+ ne− ⇌ B (4.3)

where A and B are the reactant species, the electrode potential reads as: [78]

VA/B = E0
A/B +

RT

ne−F
ln

(
aA
aB

)
(4.4)

with:

• E0
A/B – reference potential [V ]

• R – universal gas constant [8.3145 J ·K−1 ·mol−1]
• T – absolute (operational) temperature [K]

• n – number of electrons
• F – Faraday’s constant [96485.3321C ·mol−1]
• aA & aB – activities of species A and B

Applying the Nernst equation to a PEMFC running on pure hydrogen yields the following expression
for the open circuit voltage of an individual cell: [83]

Voc = E0 +
∆ŝ

nF
(T − T0) +

RT

nF
ln

(
aH2 ·

√
aO2

aH2O

)
(4.5)

where ∆ŝ is the entropy of reaction and T0 is the reference temperature, set at 25 °C or 298.15 K.
The reference potential E0 can be derived from Gibbs’ free energy of reaction. In reference con-

ditions (i.e. atmospheric pressure ad 25 °C) the maximum potential of reaction is 1.229 V [84]. Next,
assuming that the water produced during the reaction is in liquid form, the entropy of reaction ∆ŝ can
be computed using the standard entries of the reaction species. This can be seen in Equation 4.6.

∆ŝ = S◦(H2(g)) +
1

2
S◦(O2(g))− S◦(H2O(l)) = 131.0 +

1

2
· 205.0− 69.9 = 163.6

J

K ·mol
(4.6)

Furthermore, since the PEMFCs generally operate at relatively low pressures, the activities of reaction
species can be expressed in terms of pressure [34]. More accurately, the activity is expressed as the
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ratio between the pressure of the individual reactant and the atmospheric pressure [84]. Finally, it can
be assumed that water is exiting the cell at ambient pressure and can therefore be omitted from the
equation. By inserting all the variables in Equation 4.5 the open circuit voltage can now be written out
as presented in Equation 4.7, which is the most common form used in literature. [78–83]

Voc = 1.229− 0.85 · 10−3 (T − 298.15) + 4.31 · 10−5 · T
[
ln (pH2) +

1

2
ln (pO2)

]
(4.7)

To arrive at the value of Voc that is used in the Initiator cell model the following assumptions are made:

• Constant cell operational temperature of T = 353.15 K (80 °C);
• Constant sea-level pressure of hydrogen fuel at the anode (1 atm or 1013.25 hPa);
• Constant sea-level pressure of ambient air supplied via a compressor at the cathode (1 atm or
1013.25 hPa);

• Partial pressure of oxygen is 21% of total pressure at the cathode (due to the standard composi-
tion of ambient air).

With these assumptions the value Voc = 1.170 V is obtained. The existing cell model in the Initiator,
however, arrived at a value of 1.468 V. The author argues that this was due to 3 errors in the original
model. First, the erroneous assumption that the water produced in the cell is in gaseous instead of liquid
form was employed. Second, the partial pressures were given in Pascals instead of atmospheres.
Third, an additional error in reference temperature input was found. To resolve this, the model was
updated to reflect the calculations performed in this section.

Activation Loss
To start the electrochemical reaction processes inside a fuel cell some initial difference in potential is
required. This is called activation polarisation and it is the reason for the polarisation losses. Essen-
tially, it is caused by the ’sluggish’ electrode kinetics and it diminishes as the rate of reaction increases.
These losses occur on both electrodes. Nonetheless, when considering a hydrogen PEMFC, the oxy-
gen reduction reaction demands a much greater overpotential than hydrogen oxidation and is thus a
much larger source of losses. To describe the activation losses on either electrode the Butler-Volmer
expression can be used. Often, however, a simplification of the expression is used. Namely, the Tafel
equation presented in Equation 4.8, with terms a and b obtained using the two expressions in Equa-
tion 4.9. [34, 83–85] For the explanation of the term (RT )/(ne−F ) refer back to Equation 4.5.

ηact = a+ b · ln(i) (4.8)

a = − RT

αne−F
ln(i◦) b =

RT

αne−F
(4.9)

The term b is commonly referred to as the ’Tafel slope’. The variable α denotes the electron transfer
coefficient of the reaction at an electrode and i◦ represents the exchange current density. Both, α and
i◦, are constants dependent on the characteristics of the electrode and are often determined empirically.
[34, 85] In the existing model, only the losses for oxygen reduction at the cathode are modelled. The
empirically determined values are based on the previous work by Swannet [86]. Concretely, the value
for α was made equal to 0.3 and the value of the exchange current i0 is assumed constant at 8·10−4

A/cm2.

Ohmic Loss
The ohmic loss is caused by the resistance to the flow of charged particles through the fuel cell. Con-
cretely, it is a combined effect of the resistance from the ion flow travelling through the electrolyte and
the resistance of the electron flow moving through the electrode or any other conductive fuel cell com-
ponents. The resistance losses can be expressed by Ohm’s law, as seen in Equation 4.10. [34, 82, 84,
85] For this research, the chosen r value of 7.5·10−6 Ωm2 was again based on the work by Swannet
[86].

ηohm = ir (4.10)
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Concentration Loss
When the electrochemical reaction takes place at the electrode the reactants are consumed and re-
placed with the reaction products. Since the mass transport rate for the reactants and the products
is finite, the reactant concentration at the electrode becomes diluted by the presence of the products.
At higher rates of reaction, this problem becomes more apparent, since the reactants at the electrode
begin to deplete rapidly while creating more products that have to be evacuated. This results in con-
centration gradients within the fuel cell, which is the reason for the concentration losses. This loss is
also known as transport loss, referring to the underlying cause of the unfavourable concentration gradi-
ent. In a limiting case, the surface reactant concentration depletes to zero. In this case, since there is
no excess reactant at the catalyst surface, the fuel cell is not able to produce any more current. The
current at which this is achieved is commonly referred to as the ’limit current density’ or ilim. [34, 85]

The expression to estimate this loss in the current model can be seen in Equation 4.11. [31] The
parameter c represents the mass transport loss constant. The value of this constant has been set to
0.1 V , which is a typical value for PEMFC according to O’Hayre et al. [31]. The ilim has been set to
3.8 A/cm2 once again based on the PEMFC study by Swannet [86].

ηconc = c · ln
(

ilim
ilim − i

)
(4.11)

Leakage Loss
The final loss that was included in the cell model was leakage loss. This loss accounts for all reactant
leaks and any unaccounted parasitic losses in the reaction process. The leakage current density ileak
was set to 0.1 A/cm2, as recommended by O’Hayre et al. [31]. This loss term is simply introduced into
the general polarisation model of Equation 4.1 by adding it to the free variable i. Thus, at any position
where i appears, the term is expanded to i+ ileak. Consequently, the final polarisation curve equation
with all the losses reads as:

V (i) = Voc −
RT

2αF
ln

i+ ileak
i0

− ir − c · ln ilim
ilim − (i+ ileak)

(4.12)

Inlet Pressure Effects
The fuel cell performance model includes a simple model for cathode inlet pressure effects on the
cell output voltage. In this way, the fuel-cell system sensitivity to changes in operating altitude and
compressor performance can be investigated. The model was implemented by Juschus [74] using a
polynomial curve fitting on experimental data. The resulting plot is illustrated in Figure 4.9.

Figure 4.9: Individual fuel cell voltage versus the fuel cell cathode inlet pressure. Retrieved from: [74].
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Efficiency
The fuel-cell system efficiency is crucial for aircraft sizing since it relates the produced fuel-cell energy
used to power the aircraft to the chemical energy of hydrogen fuel. Before the efficiency models can be
presented, a clarification about the use of the higher heating value (HHV) and lower heating value (LHV)
of hydrogen fuel is required. The heating value communicates the energy released by the oxidation
reaction of the fuel. The difference between LHV and HHV is in the state of the released water. LHV
corresponds to the produced water being in gaseous form, whereas HHV corresponds to the produced
water being in liquid form. The difference between the two values is thus in the energy required for the
water to transition from a liquid to a gaseous state. [87]

In the majority of the common oxidation reactions, such as kerosene combustion in a turbine engine,
the water produced is in gaseous form and thus LHV should be used when obtaining energy extraction
efficiency. In the case of PEMFC, the operating temperature is well below the boiling point of water and
thus, the reaction produces water in liquid form. Hence, HHV was used to calculate fuel cell efficiency.

The cell efficiency or ηcell can simply be given as the cell voltage Vcell(i) divided by the potential cor-
responding to the HHV of hydrogen, which is 1.482 V. [87] On the system level, the efficiency of the
fuel-cell powertrain also includes losses stemming from imperfect hydrogen fuel utilisation, the parasitic
power draw for BoP components, and propulsive motor inefficiencies. By borrowing the notation from
Juschus [74], the efficiency can be then written as follows:

ηsys = ηcµfuel
Pprop

Pstack
=

Vcell(i)

1.482
µfuel

Pprop

Pstack
(4.13)

where µfuel is the fuel utilisation factor which was set to 95%, as suggested by Larminie and Dicks [32].
The Pprop/Pstack represents the ratio between the propulsion motor power and stack output power.
Unlike the fuel utilisation factor, the value of this factor is not constant but is dependent on the power
draw of the BoP components.

Summary
To provide a better overview of the cell performance model, Table 4.3 lists the values of all of the
constants used to construct the model and the sources for these values.

Table 4.3: Fuel cell model parameters

Parameter Symbol Value Unit Source

Cell operational temperature T 353.15 K [31]

Cathode transfer coefficient α 0.3 − [86]

Cathode exchange current density i0 8·10−4 A · cm2 [86]

Internal resistance r 7.5·10−6 Ω ·m2 [86]

Limit current density ilim 3.8 A · cm2 [86]

Mass transport loss constant c 0.1 V [31]

Leakage current density ileak 0.1 A · cm2 [31]

Fuel utilisation factor µf 0.95 − [32]

4.2.2. Fuel-Cell Stacks
With the performance of the individual cells determined it is possible to size the entire fuel-cell stacks
using empirical estimates. First, this section will look into the existing sizing model. Next, the exist-
ing model results will be compared against the data compiled from commercially available hardware.
Finally, the model will be tweaked to better match the validation data.
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Existing Sizing Model
As already described in Section 2.3.3, an individual stack is made up of multiple cells sandwiched
together. These cells themselves are composed of bipolar plates, MEAs, and gaskets. Additionally,
each stack is equipped with two endplates, one on each side of the stack. To hold the entire assembly
together, the two endplates are connected by several bolts. At higher powers and thus voltages, the
stack assembly might get too large to be held together with a single set of endplates and bolts. Thus,
the cells might have to be split into multiple smaller stacks. In this model, it was deemed necessary to
divide the cells into 2 stacks per FCS. Furthermore, an assumption wasmade that themass contribution
of gaskets is negligible.

Given the information above, the expression describing the mass of these two stacks ormstack can
be constructed as shown in Equation 4.14:

mstack = nstack ·Acell [ncell · (tmat,BP ρBP + ρAMEA
) + 2tEP ρEP ] + nbolt · π

D2
bolt

4
· lboltρbolt (4.14)

with:

• nstack – number of fuel-cell stacks in a FCS [-];
• Acell – individual cell area [m2];
• ncell – number of cells per stack [-];
• tmat,BP – bipolar palate material thickness [m];
• ρBP – bipolar plate material density [kg/m3];
• ρAMEA

– MEA area density [kg/m2];
• tEP – endplate thickness [m];
• ρEP – endplate material density [kg/m3];
• nbolt – number of bolts [-];
• Dbolt – bolt diameter [m];
• lbolt – bolt length [m];
• ρbolt – bolt material density [kg/m3].

To compute the number of cells required in the FCS, the specified voltage that the FCS has to pro-
duce is divided by the individual cell voltage Vcell and the number of stacks in a series, as shown in
Equation 4.15.

ncell =
VFCS

Vcell · nstack
(4.15)

With this, the cell area can be obtained by dividing the required FCS power by the number of stacks,
the number of cells per stack, and the area power density of an individual fuel cell icell:

Acell =
PFCS

nstack · ncell · icell
(4.16)

The diameter of the bolts is approximated based on the methods presented in the paper by Dey et al.
[88] and is obtained as shown in Equation 4.17.

Dbolt =

√
Acell

600
(4.17)

Finally, the bolt length or lbolt is simply the length of the stack assembly, which is computed as the
thickness of all bipolar plates, MEAs, and two endplates:

lbolt = 2 · tEP + ncell · (tBP + tMEA) (4.18)
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with tBP the thickness of the bipolar plate assembly7 and tMEA the thickness of MEA.

To estimate the stack volume Vstack the cell area can be simply multiplied by the length of the entire as-
sembly. The length of the entire assembly has already been determined when calculating the required
length of the bolts. Ultimately, the result has to be multiplied by the number of stacks in the FCS. Thus,
the total volume of the fuel-cell stacks can be determined as done in Equation 4.19.

Vstack = nstack ·Acell · lbolt (4.19)

Existing Model Validation
To attempt to validate the existing model, commercially available fuel-cell stack data was compiled.
The entire dataset can be seen in Table B.1. Using the information from this table it was possible
to construct a regression curve relating the stack mass to the stack output power. Next, the existing
Initiator stack model was used to size fuel-cell stacks with the same power requirements and other
operational parameters, as seen in the validation dataset. The results from both, the real-life hardware
and the Initiator model are shown in Figure 4.10.
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Figure 4.10: Fuel-cell stack mass versus stack output power for the Initiator models and validation (reference) data.

It can be seen that the original fuel-cell stack model quite severely overestimated the mass of the
fuel-cell stacks. In fact, the stacks were oversized bymore than 50%. Interestingly, the exact opposite is
true for the volume estimations. As illustrated in Figure 4.11, the original model substantially undersized
the fuel-cell stacks. Because of these discrepancies, the existing model had to be adjusted.

Model Recalibration
The existing Initiator model, as well as the reference data, showed a strong linear trend for both, the
stack mass and volume. Therefore, instead of replacing the estimation expressions completely, it was
decided to modify the mass and volume estimation parameters in such a way that they better match
the reference data. While some of the parameters could be directly determined using academic and
industry sources, some parameters had to be derived by comparing the sizing results to the reference
data. Furthermore, to match the reference data as closely as possible, the unaccounted mass factor
and packing factor were applied to the final mass and volume values, respectively. The final set of
parameters used to estimate the stack mass and volume can be seen in Table 4.4. Using these para-
meters, it was possible to almost perfectly match the regression curve of the reference data for both
mass and volume, as can be seen by looking at the ’Adjusted FC stack model’ data points in Figures
4.10 and 4.19, respectively.

7Plate thickness after pressing in the flow channels (not to be confused with the tmat,BP which is the thickness of the bipolar
plate material and is used for stack mass estimations)



4.2. Fuel-Cell Powertrain Model Modifications 45

 Reference data:i 
y = 0.28x + 5.71 

R² = 0.95 

0

10

20

30

40

50

60

0 50 100 150 200 250

St
ac

k 
vo

lu
m

e
 [

L]
 

Stack output power [kW] 

Reference data

Original FC stack model

Adjusted FC stack model

Figure 4.11: Fuel-cell stack volume versus stack output power for the Initiator models and validation (reference) data.

Table 4.4: Fuel-cell stack mass and volume model parameters

Parameter Symbol Value Unit Source

FCS voltage VFCS 500 V -

Number of stacks in series nstack 2 − -

Bipolar plate assembly thickness tbp 1 mm [89]

Bipolar plate material thickness tmat,BP 0.25 mm [4]*

Bipolar plate material density ρBP 8600 kg/m3 -

MEA thickness tMEA 285 µm [4]

MEA area density ρAMEA
0.2 kg/m2 [4]

Endplate thickness tEP 35 mm -

Endplate material density ρEP 2770 kg/m3 [88]

Number of bolts nbolt 10 − [88]

Bolt material density ρbolt 8600 kg/m3 [88]

Unaccounted mass factor fm 1.13 − -

Packing factor fV 2.13 − -

*Kadyk et al. [4] speculate 0.1–0.2 mm will be possible using metallic plates in the near future.

4.2.3. Balance of Plant
Three balance of plant or BoP components are sized in the existing model: the compressor, the hu-
midifier, and the heat exchanger. Their respective Initiator models will be examined in the following
paragraphs.

Compressor
The compressor can be separated into two main components: the impeller, which is an aerodynamic
component that compresses the air, and the electric motor used to provide rotational power to the im-
peller. In the existing model implemented by Juschus [74], the impeller was sized through a preliminary
aerodynamic analysis adapted from the book by Gambini and Vellini [90]. After the required perform-
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ance of the compressor was determined through this analysis, the electric motor was sized empirically,
according to the required power.

Since many compressors for fuel cell power units are available on the market, it was decided to use
the commercially available hardware data to verify the existing model. Unfortunately, once compared to
validation data on existing hardware, it was discovered that the model severely oversized the impeller in
both, size and mass. Thus, the model had to either be tweaked, replaced by another analytical model,
or replaced by a fully empirical model.

Because of the level of disparity between the validation data and the existing model, simply tweak-
ing the existing model was not seen as a viable option. Thus, the model had to be replaced. While
a more elaborate physics-based model can naturally better capture subtle differences in operating re-
quirements, an empirical model offers simplicity and robustness. Considering the scope of this research
project, implementing a simple statistical model for a small component, such as the compressor was
preferred.

The new model uses a simplified compressor mass flow and power requirement calculations from the
original model. The isentropic efficiency of the compressor is kept at 75%. Next, with the use of the
commercially available compressor data presented in Table B.2, a regression curve linking the required
compressor power to total compressor mass could be established. This regression can be observed
in Figure 4.12. A similar regression curve relating the compressor volume to its power rating was used
to estimate the size of the compressor.
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Figure 4.12: FCS compressor mass and volume versus compressor power rating.

The new model also accounts for the pressure drop in the humidifier, located downstream from the
compressor. By averaging the humidifier pressure drop from the reference data in Table B.3 a value of
approximately 12 kPa was achieved. During compressor sizing, this pressure drop is simply added to
the difference between the compressor inlet pressure and the required fuel-cell inlet pressure.

Humidifier
The existing humidifier model was adapted from the paper by Huizing et al. [91]. Similarly to the com-
pressor, however, the results were not in line with the validation data compiled from the commercially
available hardware. Thus, just like with the compressors, it was decided to opt for a simpler, but more
reliable model. By constructing a regression curve based on the data from Table B.3 a satisfactory
fit was achieved. The regression curves for both, the humidifier mass and volume can be seen in
Figure 4.13.

It is worth pointing out, that sizing the humidifier purely based on the power rating of the correspond-
ing fuel-cell stack is not seen as ideal. In this way, many possibly important parameters, such as the
properties of ambient air are completely disregarded. Nevertheless, based on the available commercial
data the mass and volume of the humidifier seem to correspond reasonably well with the fuel cell power
rating. Furthermore, the humidifier is not expected to present a large mass and volume contribution to
the FCS. Therefore, the possible inaccuracies of such a simple model are less notable. Overall, such
a model is deemed sufficient for preliminary FCS sizing.
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Figure 4.13: FCS humidifier mass and volume versus stack output power.

Heat Exchanger
The original Initiator fuel-cell heat exchanger model was Implemented by Juschus [74] and was con-
structed by simplifying the model described in a 2020 paper by Kožulović [92]. The sizing is based on
computing the heat that is produced during the FCS operation. Using this value the heat exchanger
mass and size are computed through a preliminary fluid dynamics and heat transfer analysis. The ex-
isting model is unfortunately hard to validate due to the lack of commercially available hardware data
and highly specialised components. Furthermore, the heat exchanger design is very sensitive to vary-
ing design conditions and is, therefore, harder to construct a simple statistical linear mass and volume
regression, as was done for the compressor and the humidifier.

While it is harder to validate the heat exchanger model, there is ongoing research into the Initiator
heat exchanger model. No results have been published to this date, but the interim results suggest the
current heat exchanger model overestimates the mass by around 25%. Thus, a correction factor of 0.75
was applied to both the heat exchanger mass and volume. Nevertheless, since the heat exchanger
presents one of the largest mass and volume contributions to the fuel-cell unit, a recommendation
is made in Chapter 6 to continue directing further research into expanding and validating the heat
exchanger model.

4.2.4. Electric Propulsion Motors and Batteries
The sizing of electric motors and batteries in the Initiator is fairly rudimentary. For the electric motor, the
required power determined in the class 1 estimation is used to compute the motor mass and volume.
The required power is simply divided by the motor-specific power, giving the motor mass. Subsequently,
the motor volume and dimensions are obtained by simple statistical relationships of commercially avail-
able hardware.

Table 4.5: Sizing values for electric propulsion motors and battery packs

Component Battery pack Propulsion motors

Parameter Energy density Power density Volumetric density Power density

Unit [Wh/kg] [W/kg] [kg/m3] [kW/kg]

Value 260 1670 2615 5795*
*Includes a 30% mass penalty for cooling and inverter compared to original UNIFER19 [65] value;

A similar sizing technique is also used for the battery packs. However, the batteries have to be
sized for both, the maximum required power, and the total required energy. This is done by sizing the
batteries for the two requirements separately. Using the specified battery-specific power the required
battery mass to satisfy the maximum power requirement is obtained. Analogously, the specified battery
energy density is used to obtain the battery mass to satisfy the total energy requirement. Here it is also
important to note that the battery minimum level of discharge is set to 20%. Once computed, the two
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masses are compared and the higher of the two is kept. Finally, the specifier battery volumetric density
is used to check whether the battery will fit into the aircraft wing.

The values required for propulsion motor and battery pack sizing were adapted from the 2025 tech-
nology estimates in the report of the UNIFIER19 project [65]. To provide a clear overview, the selected
sizing values are summarised in Table 4.5.

4.2.5. Liquid Hydrogen Tank
The Initiator cryogenic hydrogen tank sizing capability was introduced by Onorato [75]. The tank sizing
model assumes a tank structure with an inner aluminium lining, surrounded by insulating polyurethane
foam, as depicted by Figure 4.14. As already alluded to in Section 2.3.3, the insulation is crucial to
minimise heat ingress into the tank. Since liquid hydrogen will begin to boil at around 20.3 K, even a
small heat influx can cause a hydrogen gas buildup in the tank and a consequent pressure rise. To
prevent the tank from exploding, the excess pressure has to be vented out, losing valuable aircraft fuel
in the process. However, adding insulation to the tank increases its mass and size. Alternatively, one
can contain the boil-off by designing the tank to sustain higher pressures. Once again, however, this
increases the tank mass. Thus, a compromise has to be found between insulation thickness, maximum
tank pressure, and potential hydrogen venting losses.
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Figure 4.14: Cryogenic hydrogen fuel tank side-profile cutaway.
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Figure 4.15: Cryogenic hydrogen fuel tank pressure rise throughout an aircraft mission.

The implemented design method is based on the principle that no venting would be needed through-
out the course of the entire design mission, including the diversion and loiter. More precisely, the design
is optimised such that the venting pressure is reached shortly after the point when the aircraft arrives at
the gate at the diversion destination. To achieve this, the user specifies the maximum allowed pressure
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of the tank (venting pressure), which is used to size the tank structure, while the surrounding insulation
thickness is sized to satisfy the ’no-venting’ condition.

The starting pressure is set to 125 kPa, slightly above the atmospheric sea level pressure to prevent
air from entering the tank. The default venting pressure in this study is set to 250 kPa. This value was
found to correspond to the minimum aircraft MTOM, according to the sensitivity studies performed by
Onorato [75]. Nevertheless, it is worth analysing the effects of this value on the overall aircraft mass
for commuter aircraft, which will be done in the sensitivity analysis of this report.

An example of a typical pressure profile inside a cryogenic hydrogen fuel tank can be seen in Fig-
ure 4.15. Besides the pressure rise, the graph also illustrates the transitions between one mission
phase to the next.

4.3. Fuel Cell Aircraft Model
Now that both, the conventional commuter aircraft model, as well as the fuel-cell powertrain model
have been presented, it is time to use them in unison to size fuel-cell-powered commuter aircraft. This
section will first present how the different fuel-cell powertrain components were integrated into the
aircraft structure, followed by an explanation of the fuel cell aircraft design mission considerations.

4.3.1. Fuel-Cell Aircraft Powertrain Configuration
Before discussing the results it is also important to go over the exact fuel-cell powertrain architecture
used and establish the layout of powertrain components within the aircraft. Figure 4.16 illustrates the
major fuel-cell powertrain components inside the aircraft.

The fuel-cell powertrain architecture considered in this research project is a fuel-cell & battery serial
hybrid. This means that the aircraft is primarily powered by fuel cells, with batteries providing an ad-
ditional power source for the most power-intense segments of the flight. The need for a hybrid con-
figuration arises from the low specific power of the current fuel-cell technology. Connecting these two
power sources into a series hybrid configuration provides the most straightforward coupling of the two.
Thus, this configuration is preferred. The default power degree of hybridisation (DoH) is set to 50%
during take-off and 25% during normal climb segments. During the cruise and other flight segments,
the powertrain draws energy solely from the fuel cells. For the purposes of evaluating the various OEI
and AEO climb gradient requirements, a 50% power hybridisation is used.

As already mentioned in Section 4.2, the FCS is sized such that the fuel-cell stacks are oversized
by 10% to increase their efficiency and reduce the necessary BoP components masses. Furthermore,
the FCS compressor is sized such that the aircraft receives air at sea-level pressure.

Figure 4.16: Layout of a fuel-cell and battery hybrid powertrain with a cryogenic hydrogen tank

To power the fuel cells, hydrogen fuel is stored in a single cryogenic tank located behind the aircraft
cabin. Cryogenic storage is chosen over non-cryogenic storage since it allows for better volumetric effi-
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ciency and therefore a more competitive range performance. To achieve greater gravimetric efficiency
of the hydrogen tank, splitting the required total tank volume over multiple smaller tanks was rejected
in favour of a single large tank. By splitting the fuel over multiple smaller tanks, the total tank wall area
would increase, causing an increase in weight and potential boil-off.

The single hydrogen tank is positioned behind the cabin. In this configuration, the aircraft tail-
cone volume can be partially utilised for hydrogen storage. Conversely, by locating the hydrogen tank
between the cabin and the flight deck, which is another popular solution, the aircraft would require
separate doors for the passengers and the pilots. Moreover, the pilots would either lose access to the
lavatory or require a separate lavatory directly behind the flight deck.

Since the kerosene tank is no longer present in the wing, this space can be used for batteries.
Locating the batteries in the wing provides bending relief and occupies the space that would otherwise
be left empty. By locating the batteries in the wing the total electrical cable length is also reduced since
the electromotor is positioned inside a nacelle on the wing.

Finally, the fuel-cell stacks and the corresponding BoP components are positioned within the nacelle,
just behind the electric propulsion motors. While locating the fuel-cell units inside the aircraft fuselage
next to the fuel tank would shorten the fuel supply lines drastically, it would put another very large mass
in the back of the aircraft. For this research, it was decided to locate the fuel cells inside the nacelles
on the wings. Although this placement does increase the nacelle size and the corresponding drag, the
fuselage placement would simply increase the weight and drag of the fuselage instead. Moreover, the
nacelle placement of the BoP allows for better airflow, which should prove beneficial when sizing the
heat exchanger. Positioning the fuel cell right behind the electromotor also reduces the required cable
length. Finally, just like the conventionally powered reference aircraft, the fuel cell aircraft designs have
two identical independent fuel-cell propulsion units for redundancy, one on each wing.

4.3.2. Aircraft Design Mission
The conventional aircraft results obtained in Section 4.1 were computed by specifying two missions:
the maximum payload mission and maximum passenger mission, where the maximum passenger load
is 19 people with carry-on luggage (85kg total mass per passenger). Naturally, it would have been
desirable to design the fuel cell aircraft with the same two-mission requirements. However, this proved
challenging, since the payload-range diagram for a hydrogen fuel cell aircraft has a distinctly different
shape to that of a kerosene-powered aircraft.

The main difference between the two aircraft types lies in the mass and size of the fuel tank. While
kerosene is relatively heavy, the kerosene fuel tank is very light, since it normally uses the existing wing
and/or fuselage structure as the fuel tank. Consequently, due to the low mass penalty, the kerosene
fuel tanks are usually oversized compared to the fuel requirements for the design mission. This allows
a wider mission envelope where the payload can be reduced to increase the fuel load and therefore
range. The tank oversizing crates a typical shape with two distinct kinks in the take-off mass, as shown
in Figure 4.17a. In the first section of the diagram, the payload is kept at its maximum value and the
trip fuel value is increased until MTOM is reached. Then, during the following segment, the take-off
mass is held at MTOM while the payload is traded off for increased fuel load and thus more range. At
the next kink, the maximum fuel capacity is reached and further reducing the payload does not allow
for more fuel. Nevertheless, reducing payload continues to increase the available flight range until the
point where no payload is left in the aircraft.

Unlike kerosene, cryogenic hydrogen is extremely light, but the fuel tank to store it is very heavy
and bulky due to the large volume of hydrogen required and the insulation required to limit boil-off.
Thus, the hydrogen tank has to be as small as possible to reduce aircraft mass and size. This naturally
limits the ability to oversize the tank to achieve the same payload-range trade-off that was possible
with kerosene aircraft. Thus, a typical payload-range envelope for the fuel cell aircraft skips the flat
segment at MTOM where the payload is traded off for more fuel completely. Instead, the envelope has
a very sharp corner as soon as MTOM is reached, as displayed in Figure 4.17b. After this point, the
only means of increasing the range for a fuel cell aircraft is to reduce the payload. However, because
the OEM of fuel cell aircraft is usually much larger, the payload reduction has a smaller effect on the
range than is the case with conventional aircraft.

Consequently, sizing fuel cell aircraft that would fulfil both the mission with maximum payload, as
well as the mission with nominal 19-passenger payload would in the best case result in a severely
oversized aircraft or, in the worst case, fail to even achieve design convergence. Thus, it was decided
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Figure 4.17: Typical payload-range diagram for conventional and hydrogen-powered aircraft

to take the nominal 19-passenger mission payload with the corresponding range as the default sizing
mission for fuel cell aircraft. Nevertheless, the sizing was also performed for the maximum payload
mission for the purpose of comparison. It is important to point out that the reserve fuel provisions have
been kept the same as for conventional aircraft. Concretely, the reserve fuel accounts for a diversion
of 200 km and an additional loiter time of 45 minutes.

4.4. Mission Cost and Emissions Estimations
To better understand the mission environmental impacts and mission cost of fuel cell aircraft a simple
economic and emissions analysis was developed. Due to the immense complexity of a holistic ap-
proach to both issues, this research focused on the most noteworthy components of mission costs and
environmental impacts.

In total, three different power carrier solutions were examined. The first solution was a fuel-cell
commuter aircraft powered by a combination of liquid hydrogen and batteries. As a benchmark, the
conventional commuter aircraft powered by fossil-based Jet-A1 fuel were included. Finally, as a middle-
ground solution, the cost and emissions of a conventional aircraft powered by sustainable aviation fuel
(SAF) produced using the power-to-liquid process or PtL8 were included in the analysis. It is worth
stressing that, for the purpose of this analysis, it is assumed that the conventional aircraft require no
modification and do not experience any degradation in performance when utilising SAF.

4.4.1. Mission Emissions
The environmental impact of aircraft stems from various sources. Thus, a comprehensive framework
spanning over the entire lifespan of the aircraft is needed to fully capture the environmental impacts.
The environmental impact of a product can be determined using the Life Cycle Assessment (LCA)
method. Such an analysis accounts not only for the direct aircraft impact, such as emissions generated
during the flight but also for the impact of supporting processes and infrastructure. For example, aircraft
manufacturing, fuel extraction, and processing, as well as impacts of airport infrastructure. [94–96] An
example of an aviation LCA domain is illustrated in Figure 4.18.

Naturally, when considering such a wide scope, the complexity of the problem becomes immense.
Moreover, when including aircraft incorporating unconventional powertrains, the analysis again be-
comes plagued with high uncertainties due to the lack of available information. Thus, to reduce the com-
plexity of the environmental impact comparison between aircraft designs, the focus of this research was
on the emissions produced for the aircraft powertrain operation, specifically, the ’well-to-wake’ emission
footprint of the energy source. In Figure 4.18 this is represented by the ’Fuel Life Cycle Well to Wake’
segment. Besides being the largest source of emissions for commercial aircraft [97–99], the power
source environmental impact is also expected to differ greatly between the fuel-cell and conventional
powertrains.

8Power-to-Liquid (PtL) fuel production uses hydrogen via water electrolysis with renewable energy followed by Fischer-
Tropsch synthesis process [93]
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Figure 4.18: Life cycle assessment (LCA) of aviation. Retrieved from: [96]

Emissions Impact Metric
The basis for the energy source emissions model in this report is the 2022 paper by Wehrspohn et
al. [26]. Concretely, their model focuses on the contribution of these emissions to global warming. To
assess this, the global warming potential or GWP is used given in kilograms of CO2 equivalent emis-
sions per kilogram of fuel or kgCO2eq/kg. This metric can account for the non-CO2 related impacts
on the greenhouse effect, such as NOx emissions and contrail-induced cloudiness or CiC. While it is
a strong metric it is nevertheless important to also recognise its shortcomings. According to Jungbluth
and Meili [100] the GWP is relatively useful for comparing the effects of long-lived well-mixed atmo-
spheric gases. However, as they put it, many of the emissions and their effects, especially in aviation,
cannot be accurately accounted for using GWP due to their transient nature or because their effects
are highly dependent on the atmospheric makeup at the emission location. Because of this, the GWP
is far from an ideal metric for accurately estimating the total global warming impact of aviation. Nev-
ertheless, when simply comparing the effects of different aircraft powertrains in commuter aircraft, the
GWP metric is still deemed adequate. In fact, many preliminary studies focus solely on the effect of
CO2 emissions while disregarding others.

The GWP was accounted for in two stages. In the first stage, the GWP of the energy source before
the flight was estimated. In the second stage, the GWP of the emissions during the actual flight was
determined.

GWP of Energy Production, Refinement, Transport, and Storage
In this segment, the GWP of the energy source up to the point of consumption in flight is given. In
Figure 4.18 this segment is illustrated under the ’Fuel Life Cycle’ from ’Energy Resource Extraction’ up
to and including the ’Energy Carrier Conversion’.

Table 4.6 presents the GWP of the same four energy sources as in the cost estimation section.
This time, however, GWP is given for two different electricity generation scenarios. In the first scenario,
electricity is produced in Denmark with the use of wind turbines. In the second scenario, electricity
generation is done in Spain with the use of photovoltaic (PV) power plants. While both of these methods
make use of renewable energy, the GWP impact of PV is still much greater than using wind turbine
farms. Because electricity use is a minor component in oil extraction and refinement, the GWP footprint
of Jet-A1 fuel does not depend on the electricity generation scenario. Note, that the GWP of Jet-A1,
SAF, and Green LH2 is given per kilogram of fuel, while the GWP of electrical energy is given per
kilowatt-hour.
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Table 4.6: GWP of various energy sources before consumption.

Energy carrier GWP [kgCO2eq] Per Information source

Wind (Denmark) PV (Spain)

Jet-A1 0.457 0.457 [kg] Wehrspohn et al. [26]

SAF (PtL) 0.334 1.653 [kg] Wehrspohn et al. [26]

Green LH2 0.852 4.216 [kg] Wehrspohn et al. [26]

Electricity 0.013 0.039 [kWh] Marashli et al. [101]*
*Global averages for wind and PV solar, not country specific

GWP of Energy Consumption
The GWP analysis of in-flight emissions was done by looking at the following possible contributions:
carbon dioxide emissions (CO2), nitrogen oxide emissions (NOx), water vapour emissions (H20), and
contrail-induced clouding (CiC). While there are other effects that have an impact on radiative forcing,
these 4 are the most notable ones [102].

Starting with the CO2 emissions, only Jet-A1 and SAF produce CO2 when consumed in flight. How-
ever, it is assumed that PtL fuel is produced using direct carbon capture and thus, in theory, does not
produce any net carbon emissions. Hence, only Jet-A1 will have a CO2 contribution in flight.

Next, the NOx emissions are examined. These emissions are produced during high-temperature
combustion where oxidation of atmospheric nitrogen occurs. Thus, NOx emissions are only relevant
in combustion engines. The largest contribution to the warming effect of these emissions comes from
accelerating ozone (O3) production, which is a strong greenhouse gas. The impact of NOx emissions
is highly dependent on their location and the existing concentration of NOx at this location [103]. The
same absolute increase in NOx concentrations has a stronger effect in an atmosphere with a low con-
centration of NOx and vice versa. However, accurately estimating the global flight paths of commuter
aircraft in this research and the existing NOx concentration in those locations is beyond the scope of
this project. Thus, it will be assumed that the commuter aircraft are predominantly flying within Europe
and that the concentration ofNOx in their flight path is similar to that encountered at the cruise altitudes
of most jets or around 10 km. Since commuter aircraft operate at lower, less busy altitudes, the NOx

will likely be lower as well. Thus, the NOx impact might be underestimated due to this assumption.
Similarly to NOx, the radiative forcing of water molecules is highly dependent on their altitude. The

effects are notable only if water reaches stratospheric altitudes. While the majority of aircraft cruise
below these levels, the water can be lifted into higher layers of the atmosphere with atmospheric cur-
rents. Nevertheless, considering the work by Wilcox et al. [104] it can be assumed that the radiative
forcing effects of water vapour emissions below the altitudes of around 9000 m are negligible. Further-
more, Sherwood et al. [105] confirm that water vapour emitted close to the ground does not have a net
positive warming effect. Thus, the GWP of H20 emissions is set to 0.

Finally, the CiC effects are examined. The CiC is again highly dependant on atmospheric conditions,
especially temperature, and humidity. Generally speaking, higher altitudes are better suited for CiC
effects. [106] Thus, the CiC GWP of lower-flying commuter aircraft will be lower than that of most jets.
In fact, it would be safe to assume that the two low-flying aircraft, the Do 228-212, and the EMB 110P2
would not have noteworthy CiC effects at their cruise altitude of approximately 3000 m. Even the higher
cruise altitudes of Metro 23 and Jetstream 31 are still well below the normal contrail altitude most of
the time. However, as Gierens [107] discusses, when it comes to fuel cells, the contrails are likely
to be produced even at low altitudes. In fact, contrails might even appear at ground level when the
temperatures drop close to 0. Nevertheless, the paper also suggests that the strength and longevity
of the CiC effects will be much smaller than that of conventional aircraft. Overall, the total magnitude,
as well as the difference in CiC effects between commuter aircraft using conventional and fuel-cell
propulsion is likely small. Thus, the CiC effect was neglected in this analysis.

After reviewing all four effects, Table 4.7 provides a GWP quantification of the relevant effects based
on the work by Wehrspohn et al. [26].
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Table 4.7: GWP of various energy sources in flight. Adapted from: [26]

Energy source GWP [kgCO2eq] Per

CO2 NOx H2O CiC

Jet-A1 2.568 1.271 0 0 [kg]

SAF (PtL) 0 1.271 0 0 [kg]

Green LH2 0 0 0 0 [kg]

Electricity 0 0 0 0 [GJ]

4.4.2. Mission Cost
To capture some of the economic differences between the proposed aircraft powertrain and fuel solu-
tions, the mission cost analysis will compare the aircraft based on two major cost factors. The first one
is the purchase price for the required mission energy, whether it is the liquid hydrogen and electricity
for the fuel cell aircraft, or Jet-A1 or SAF for the conventional aircraft. Besides the energy cost, the
cost of emissions incurred when operating in a region where aviation emission allowances have to be
purchased, such as the EU, was included. The crew costs were not included since they are assumed
to be the same regardless of the powertrain used.

Energy Cost
To make a good preliminary estimate of the energy cost, the aircraft’s total energy for the trip has to
be established. This is no issue since the Initiator sizing is based on the energy balance and thus, this
information can be easily obtained directly from the Initiator sizing results.

The second step is considerably less straightforward, however. For the estimation of fuel costs the
respective prices of hydrogen, electricity, as well as Jet-A1 and SAF have to be established. While
predicting future prices of energy is difficult as it is, it becomes even harder when considering the un-
certainty of unconventional power sources such as green hydrogen. It would be possible to simply take
the present price levels. However, sustainable hydrogen production costs are expected to decrease
over the next decades [26]. As the specific energy and power for the battery and propulsion motors
were set to reflect technology predictions for the year 2025, it would be sensible to set the energy
prices for when the aircraft with such a technology would be performing commercial operations. With
an assumption of a 10-year aircraft development phase, the aircraft would start commercial operations
in 2035. Thus, the price predictions should be set to the year 2035 or slightly beyond. With this in mind,
Table 4.8 presents the purchase cost of energy that is used to power the aircraft in this research. Note,
that the prices in Table 4.8 do not include the additional emissions allowance cost.

Table 4.8: Future energy price estimates

Energy carrier Unit Price estimate* Forecast year Information source

Low Base High

Jet-A1 [€/kg] 0.43 0.76 1.25 2040 Wehrspohn et al. [26]

SAF (PtL) [€/kg] 1.03 1.62 2.77 2040 Wehrspohn et al. [26]

Green LH2 [€/kg] 2.67 4.55 7.52 2040 Wehrspohn et al. [26]

Electricity [€/GJ] 3.00 12.1** 21.2 2050 Silberhorn et al. [108]

*Converted from US dollar to Euro with the exchange rate at the time of writing: 1$ = 0.91€
**Average value between ’Low’ and ’High’ estimates.

Cost of Emission Allowances
As alluded to above, if one is to assume the flights will be taking place in the European Union or any
country that includes aviation in its emission trading scheme, emission-related costs have to be con-
sidered as well. European aviation is included in the Emissions Trading Scheme or ETS for short.
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Under this scheme, aircraft operators are given CO2 emission allowances. While the majority of the
emissions allowances are currently awarded to operators for free, this will not be the case in the future.
Indeed, already by 2026, no free emissions allowance will be awarded to airlines. Instead, the airlines
will have to purchase allowance for their operational emissions from the ETS market. Thus, aircraft op-
erators will incur additional costs for their operations in proportion to their CO2 emissions. Furthermore,
the latest deal between the EU Council and Parliament also stipulates that a report on the non-CO2

related environmental effects of aviation will be created by 2027 for the purposes of including these
effects in the trading scheme. [109] Thus, it is safe to assume that the non-CO2 effects will be included
in the ETS in the near- to mid-term future.

In the near future, the price difference between the regular fossil-based jet-A1 and alternative fuels
at airports will be mostly covered by the EU. However, according to current regulations, this financial
help will expire in 2030. Thus, according to regulations passed so far, the price of alternative fuels will
not be directly influenced by the EU beyond 2030. [109]

As the energy cost estimations in Table 4.8 correspond to the year 2040, it would be most sensible
to set the expected emissions cost in the same year. Unfortunately, the price of emissions is highly
uncertain even in the short term. Among other factors, price fluctuations are strongly influenced by
economic downturns, the speed of the overall green energy transition, and industries entering the ETS.
Moreover, the legislation that created the emissions allowance market is likely to change again over
the next years, not unlike how it was amended recently, in 2022 [110]. This makes the mid-term and
long-term prediction of the emissions cost in the ETS very difficult.

Nevertheless, there are some studies that attempt to model the ETS price in the near- and mid-term
future. According to six different prediction models included in the report by Pahle et al. [111], the price
per metric ton ofCO2 is projected to reach between 56€ and 111€ in 2025 and between 84€ and 160€ in
2030. The average price prediction for the year 2030 between all six models is 135€. Another possible
insight into the future of ETS pricing is given in the article by Pietzcker et al. [112]. According to the
current EU legislation and the prediction scenarios that are given in the article, the ETS price in 2030
should reach approximately 130€/tCO2. This matches well with the studies in the report by Pahle et
al. [111]. Additionally, Pietzcker et al. [112] predict the price of ETS will reach 215€/tCO2 in 2040. This
is the price that was used as a baseline for the emissions cost analysis in this report. The range of
predictions between the 6 models in the report by Pahle et al. [111] were used to construct a confidence
interval based on relative deviations from the average price prediction.

Overall, it appears that accurately predicting the price of ETS emission allowances in 2040 is ex-
ceptionally complex. Nevertheless, ignoring the effects of ETS on aircraft operational costs is not
acceptable either. Thus, to simplify the problem, the following assumptions were made to determine
the price of emissions for the aircraft operator in the year 2040:

• All flights take place between two airports in the European Union;
• The aircraft operator is required to purchase the emissions allowances through the ETS;
• The non-CO2 emissions are translated into equivalent CO2 emissions using the GWP metric and
also require purchasing of the emissions allowances;

• The power or energy carrier producers and distributors will raise the prices of their products to
cover the extra costs incurred by purchasing the emission allowances required to produce and
distribute the energy or energy carrier;

• No legislation changes that would affect prices in the ETS will occur until beyond 2040.
• The baseline price of emissions allowances in 2040 will be 215€, with a confidence interval
between 134€ and 255€ per metric ton of CO2.

With these assumptions, the price of emissions was computed based on the GWP presented in
Table 4.6 and Table 4.7 before being added to the baseline energy prices listed in Table 4.8.
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Results

This chapter will present the sizing results of four different commuter aircraft that incorporate hybrid fuel-
cell powertrain technology. These include the Dornier Do228-212, Fairchild Metro 23, BAE Jetstream
31, and Embraer EMB 110P2, selected in Table 3.1.

Unless stated otherwise, the fuel cell aircraft results were sized for the 19-passenger nominal design
mission requirements. Additionally, unless explicitly stated, the preliminary design results of the fuel-
cell commuter aircraft were obtained by retaining all of the requirements and design settings from the
conventional aircraft. However, the fuel-cell commuter aircraft should not be interpreted as conventional
aircraft with a powertrain conversion. Classifying it as such might entail that the general size and most
of the structural components of the aircraft remain the same. However, this is not the case. While
the design parameters, such as the general aircraft configuration, cabin size, wing airfoils, wing aspect
ratio, etc., were preserved, the entire aircraft has been resized. Thus, the presented results can be
interpreted as preliminary design studies of fuel cell aircraft with the same mission requirements and
general characteristics as their conventional counterparts.

One notable exception in these results is the fuel cell Metro 23 aircraft. While the fuselage dia-
meter and seating configuration of the other three fuel cell aircraft is the same as in their conventional
counterparts, the fuel cell Metro 23 fuselage diameter had to be enlarged to limit excessive fuselage
lengthening when accommodating the large cryogenic tank.

The results will be structured as follows. First, the design point and convergence results for fuel cell
aircraft will be presented in Section 5.1, followed by the MTOM and OEM results in Section 5.2. Next, in
Section 5.3, the fuel cell aircraft geometry results will be discussed. In Section 5.4 the fuel cell aircraft
energy usage, its costs, and environmental implications will be explored. In Section 5.5 the results
obtained by sizing the fuel cell aircraft for the maximum payload mission will be briefly discussed and
compared to the results of the aircraft sized by the nominal, maximum passenger mission. The chapter
will be concluded with a comprehensive sensitivity analysis in Section 5.6, where the aircraft sizing
results will be examined for sensitivity to both, mission parameters, as well as the aircraft powertrain
design and technology parameters.

5.1. Design Point and Convergence Results
While the rest of this chapter presents the end results of the fuel cell aircraft sizing, this section focuses
on the process of how these results were ultimately obtained. The first part of this section discusses
the aircraft design point and the power- versus wing-loading diagrams which could be considered the
basis of any fixed-wing aircraft design. The second part of this section examines the iterative sizing
process and highlights some of the limitations encountered during the convergence process.

5.1.1. Design Point
As was already mentioned in Section 3.3, there is no single definitive aircraft design point for hybrid
aircraft. Instead, different components in the power chain have to be sized according to the most
restrictive requirements for that specific component. This is done by constructing power- versus wing-
loading plots for each of the components and selecting a design point within the feasible design space.

56
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The design space and restrictions stem from various mission and certification requirements. In the
specific case of commuter aircraft, there are 12 constraints limiting the available design space. Those
requirements include powered stall speed, specified aircraft cruise speed, take-off distance, AEO sea
level rate of climb gradient, as well as various OEI and AEO gradient requirements based on CS-23
regulations, as described in Section 4.1.1. The aircraft design point is selected such that the required
wing size is minimised.

The best way to illustrate this process is to present the actual power- versus wing-loading diagrams
and corresponding design points for the fuel cell aircraft. However, to limit the length of this section, the
BAE Jetstream 31 fuel cell aircraft power- vs. wing-loading diagrams seen in Figure 5.1 will be used
as a representative example, while the plots for the other 3 aircraft can be seen in Appendix C.
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(a) Total propulsive power
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(b) Corrected FCS power
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(c) Electric propulsion motors
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(d) Battery power

Figure 5.1: Power- versus wing-loading diagrams and design points for the BAE Jetstream 31 FC and its various powertrain
components
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Figure 5.1 displays four different power- versus wing-loading diagrams for the Jetstream 31 fuel
cell aircraft. Figure 5.1a plots the total aircraft propulsive power-loading against the wing-loading. This
plot is not used for sizing of any specific component but serves as a good illustration of the aircraft’s
performance. Next, Figure 5.1b displays the corrected power-loading of the FCS. Normally, for con-
ventional propulsion, this plot would be corrected for the engine power lapse with altitude, as well as
the engine throttle setting. However, since the FCS compressor is sized to be able to supply sea-level
pressure to the fuel cells throughout the flight, the altitude power lapse correction is omitted for the FCS
sizing. The last two plots, seen in Figure 5.1c and Figure 5.1d, are used to determine the design point
of the electric propulsion motors and the battery pack, respectively.

In each of the 4 presented plots, 12 different requirements constrain the available design space,
as mentioned above. The light grey area on all plots indicates the available design space. The red
dot and the star symbol indicate the design point for minimum wing size and the selected design point,
respectively. Since the Initiator sizing is set such that the minimum wing size is the desired outcome,
the selected design point always corresponds to the minimum wing size point.

Now that the determination of the design points has been discussed the selected values of the wing-
loading and power-loading for the main powertrain components in all 4 fuel cell aircraft can be reviewed.
Table 5.1 lists the design points for the fuel-cell (FC) aircraft and their conventional (Conv.) aircraft
counterparts. While there is only a single wing-loading value per aircraft, the power-loading is slightly
more complex. Starting from the left, the columns of the power-loading diagram correspond to total
propulsive power (Tot. Prop.), corrected FCS power (FCS (Corr.)), propulsive electric motor power
(EM), and the battery of the fuel cell aircraft. Finally, the last column represents the corrected gas
turbine engine (GT (Corr.)) power-loading of the corresponding conventional aircraft.

Table 5.1: Wing- and power-loading design points for conventional and fuel cell aircraft and their powertrain components

Wing-loading [kg/m2] Power-loading [kg/kW]

FC Conv. FC Conv.

– – Tot. Prop. FCS (Corr.) EM Battery GT (Corr.)

Dornier Do 228-212 FC

Class 2 190.6 200.0 8.26 8.24 4.36 7.59 5.53

Fairchild Metro 23 FC (2+1cab mod)*

Class 2 247.8 260.8 6.60 10.09 4.18 6.39 4.51

BAE Jetstream 31 FC

Class 2 261.6 275.5 7.23 11.44 4.60 6.71 4.96

Embraer EMB 110P2 FC

Class 2 195.1 195.1 7.87 12.73 5.05 6.93 5.31
*Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.

The design wing-loading for fuel cell aircraft lies between 195 and 275 kg/m2. Compared to the
conventional aircraft the wing-loading decreased by around 5% for the first three aircraft, while the
EMB 110 experienced no change. As expected, the component with the highest power-loading in the
considered fuel-cell-hybrid powertrain is the electric propulsion motor. The electric motor has to handle
almost 100% of the power produced by the FCS and the battery and thus has to be sized accordingly.

Generally, the design point results appear as expected. Perhaps the most unexpected results came
from the Do 228. The conventional Do 228 aircraft has the most relaxed corrected power-loading
requirement out of the four aircraft. However, when equipped with the fuel-cell powertrain, its FCS
power loading is the most restrictive out of the four fuel cell aircraft. Accordingly, the fuel-cell Do 228
aircraft has the most relaxed battery power-loading requirements. The unusually strict power-loading
requirement can at least in part be explained by the relatively high cruise speed at a very low cruise
altitude. Since the cruise speed requirement is the most restrictive FCS sizing requirement for all
four fuel cell aircraft included in this study, this relatively high speed leads to a very high FCS power
requirement.
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5.1.2. Convergence
As described in Section 3.3, the Initiator software converges towards the final results by iterating over
the various sizing modules. In the process, each module produces results based on the results of the
other modules from the current or previous iteration step. The goal of the process is to converge the
class 1 aircraft MTOM estimate within a specified margin of error. For this project, these margins were
set to 0.05% for class 2, and mission analysis estimates, 0.3% for class 2.5 estimates and 0.5% for the
HSE module.

As can be seen in Figure 5.2, the average convergence of fuel cell aircraft took considerably more
iterations than for their conventional aircraft equivalent. This is especially true for the Initiator runs with
the ’class 2.5’ or ’class2.5 & HSE’ enabled. In most of those cases, more than twice the number of
iterations were needed for conventional aircraft convergence. In an attempt to explain this discrepancy,
three contributing reasons were identified. These are the limitations of the initial MTOM estimates,
oscillations around the final solution between class 1 and 2 modules, and non-convergent behaviour
of class 2.5 modules. The remainder of this section will elaborate on these issues.
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Figure 5.2: Number of iterations required to achieve convergence of conventional and fuel cell aircraft

Limitations in the Initial MTOM Estimate
The first difficulty for fuel cell aircraft occurs at the very beginning of the sizing process. Since the very
first class 1 mass guess is based on statistical regression of conventional aircraft, it usually provides a
reasonably accurate estimate of the MTOM during conventional aircraft sizing. However, since there is
no statistical regression specific to fuel cell aircraft, the same conventional aircraft database is used to
provide an initial estimation for the fuel cell aircraft as well. In most cases, this severely underestimates
the final converged fuel cell aircraft mass. Compounding the limitations in the initial estimations, the first
class 2 iteration has to provide results based on an very rudimentary guess for the mass and size of the
powertrain components. Thus, the initial class 1 and class 2 mass estimations are often extremely far
from each other, which naturally prolongs the convergence process. For illustrative purposes Figures
5.3a, 5.3c, and 5.3e display examples of the convergence process where the large mismatch between
the initial estimates and the final results can be seen.

MTOM Estimation Oscillations
A slightly less common occurrence is the tendency for class 1 and class 2 MTOM estimates to oscillate
around an apparent solution. To illustrate this behaviour, Figure 5.3b provides an example from the
convergence process of one of the earlier versions of the fuel-cell Jetstream 31 aircraft. It can be seen
that the MTOM estimations of the two sizing loops converge towards a solution, but after converging
within a certain margin, the two modules interchangeably over- or underestimate the MTOM value
around which they are appearing to converge.
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Figure 5.3: Example of Initiator convergence issues for fuel cell aircraft

Luckily, this behaviour did not affect the accuracy of the end result greatly. Moreover, slightly in-
creasing the convergence margins can provide a simple workaround for the illustrated issue without a
great sacrifice to the accuracy of the results. It is nevertheless important to note that this phenomenon
is much more common in fuel cell aircraft and should be investigated further.

Limitations in Class 2.5 Convergence
The final limitation in the fuel cell aircraft design process is the non-convergent behaviour of the class 2.5
modules. This behaviour can be observed when class 2.5 modules appear to be converging towards
a solution, but after some iterations, their estimates suddenly increase or decrease in value. This is
the case with the convergence illustrated in Figure 5.3d, where a comparatively large jump in class
2.5 estimates can be seen between iterations 18 and 19. Alternatively, class 2.5 sometimes appears
to continuously increase or decrease the aircraft mass in an almost linear fashion, as is the case in
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Figure 5.3e. Either of these behaviours can in rare cases lead to an unbounded increase or decrease
in the estimated aircraft mass. Therefore, when this behaviour is present, the final result are unduly
influenced by the convergence margin set by the user. While it was made sure that this behaviour did
not affect the results presented in this chapter, it is nonetheless an issue worth addressing in the future.

5.2. Aircraft Mass Results
This section will present the mass results of fuel cell aircraft sized or the 19-passenger nominal mission
and compare them to the conventional aircraft where appropriate. The exact parameters of this mission
can be found in Table 3.2. The results will be discussed in 2 parts. First, the basic aircraft mass results,
the OEM and MTOM, will be presented. In the second part, the results specific to the powertrain and
the FCS will be discussed.

5.2.1. OEM and MTOM Results
The MTOM and OEM are presented in Table 5.2. It can be seen that the aircraft OEM has generally
increased by 110 to 130%, for the first three aircraft. A definite outlier in this is the EMB 110 fuel cell
aircraft, whose mass increase appears to be only around half of those of the other fuel cell aircraft.
While these values indicate a severe increase in the aircraft mass, a direct comparison to conventional
aircraft would not be evenhanded. The OEM of the fuel cell aircraft already includes one of the energy
carriers, that is the batteries. Furthermore, the cryogenic fuel tank has a very high mass compared to
the required hydrogen fuel for the mission. Thus, MTOM comparison should provide a more unbiased
comparison. TheMTOM increase of fuel cell aircraft appears to be around 60% for the first three aircraft
and around 30% for the EMB 110. Thus, across all four aircraft, the increase in MTOM is about half as
severe as the increase in OEM.

The differences in the relative MTOM increase found using different Initiator sizing ’depths’ is within
a few percentage points. The noteworthy outlier here is the Metro 23 whose results obtained using the
’class 2’ mass estimations differ by 15 percentage points compared to ’class 2.5’ estimates. Apart from
this specific case, the general consensus on the mass increase by different Initiator ’depths’ provides
confidence in the results. This is especially important since a notable discrepancy in the results between
that of the HSE module and the rest was observed during the conventional commuter aircraft sizing
validation in Table 4.2. While the absolute differences in mass and geometry estimates obtained when
using the HSE module still exist, the agreement between different Initiator sizing ’depths’ on the relative
mass increase, is promising.

While no two fuel cell aircraft experienced exactly the same increase in mass, the EMB 110 definitely
stands out. The relative mass increase for this aircraft was only about 50% of that of the other aircraft.
The most likely cause of this discrepancy is its low range. While all of the other reference aircraft can
reach destinations over 1000 km away, the EMB 110 range with 19 passengers is only around 500 km.
This is more than a 50% decrease in range requirement, which translates to a much smaller and thus
lighter hydrogen tank. Additionally, the aircraft flies lower and slower than other reference aircraft. This
relaxes the power requirements. As already alluded to when selecting reference aircraft in Section 3.4,
the lower aircraft power requirements were presumed beneficial for the feasibility of fuel cell aircraft.
While these results seem to agree with this, further investigation it is nevertheless necessary to fully
understand this phenomenon.

Looking at the individual results from the rest of the aircraft, themass of theMetro 23 did not increase
as much as expected. While the Metro 23 is the heaviest conventional aircraft out of the four with by
far the longest range of over 2000 km, its mass did not increase more than that of the Jetstream or the
Dornier. However, there is a possible explanation for this. The cabin of the Metro 23 aircraft had to
be redesigned from a 1+1 seating layout to a 2+1 seating layout to allow for convergence of the fuel
cell aircraft. This was necessary since the length of the already slender Metro 23 fuselage became too
long after also adding the cryogenic fuel tank. The widening of the fuselage increased the gravimetric
efficiency of the cryogenic fuel tank. This reduced the mass penalty that would have been incurred
otherwise.

Equally unforeseen, the mass increase of the Do 228 aircraft is higher than expected. The simple,
non-pressurised cabin, low cruise speed and altitude and generally low OEM value should give the
Do 228 an edge over the mass of the higher-performing Jetstream 31 and Metro 23. With a wing-
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Table 5.2: Preliminary sizing results for fuel-cell commuter aircraft with nominal mission requirements

OEM MTOM
[kg] ∆conv.* [kg] ∆conv.*

Dornier Do 228-212 FC
Class 2 8250 +118.2% 10153 +59.4%
Class 2.5 8322 +112.1% 10229 +56.7%
Class 2.5 & HSE 9269 +114.3% 11198 +60.2%

Fairchild Metro 23 FC (2+1cab mod)**
Class 2 10926 +136.5% 13031 +67.1%
Class 2.5 9536 +113.5% 11599 +52.1%
Class 2.5 & HSE 10369 +123.6% 12452 +59.6%

BAE Jetstream 31 FC
Class 2 8756 +114.2% 10613 +62.2%
Class 2.5 8626 +108.2% 10478 +58.6%
Class 2.5 & HSE 8867 +107.3% 10726 +58.7%

Embraer EMB 110P2 FC
Class 2 5802 +63.2% 7521 +31.8%
Class 2.5 5882 +60.5% 7593 +30.4%
Class 2.5 & HSE 5896 +61.0% 7615 +30.7%

*Difference w.r.t. the Initiator results for conventional commuter aircraft sizing with equal design ’depth’.
**Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing
convergence.

and power-loading similar to that of the EMB 110, a likewise smaller increase in mass was expected.
However, this is not the case. The Do 228 mass rose by an approximately equal amount compared to
the Jetstream 31 and Metro 23. One of the reasons for this again lies in the slenderness of the fuselage.
Similarly to the Metro 23, the conventional Do 228 also features a 1+1 seating layout, making the
fuselage relatively slender. By adding the cryogenic fuel tank, this slenderness is exaggerated further
to the point where it becomes strongly disadvantageous, both aerodynamically and structurally. While
the Metro 23 encountered convergence problems because of this and was subsequently modified, the
Do 228 was not. Therefore, the fuselage length is largely responsible for the large mass increase of
the fuel cell aircraft. To investigate this further, the fuel cell aircraft mass sensitivity to fuselage width
will be further explored in Section 5.6.3.

Finally, the Jetstream 31 produced expected sizing results. The original aircraft is very heavy for
its payload and range capabilities. This is largely due to a relatively large and comfortable pressurised
passenger cabin with a toilet and a small galley. Additionally, the cruise speed and altitude of this
aircraft are very high. Nevertheless, the wide fuselage increases the mass efficiency of the cryogenic
tank, mitigating other detrimental factors.

5.2.2. Powertrain Mass Results
This section will examine the fuel-cell powertrain mass. The analysis will be divided into two parts. First,
a breakdown of the powertrain mass into its main components will be presented. Next, the focus will
shift specifically to the FCS mass composition.

Overall Powertrain Mass Breakdown
Table 5.3 lays out the mass sizing results of the major hybrid fuel-cell powertrain components. Similarly
to the MTOM and OEM results in Table 5.2, there are some discrepancies between the results of
different Initiator sizing ’depths’. However, the discrepancy between these ’depths’ are consistent with
those encountered in the MTOM and OEM mass estimations.

Looking at the individual components, the FCSmass varies greatly between different aircraft. Given
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Table 5.3: Absolute mass results from powertrain sizing for fuel-cell commuter aircraft with nominal mission requirements

FCS

(single)

FCS specific

power

Motor

(single)

Battery

pack

Fuel supply

subsystem

Cryogenic

tank

Tank mass

efficiency*

[kg] [kW/kg] [kg] [kg] [kg] [kg] [%]

Dornier Do 228-212 FC

Class 2 391.0 1.5653 199.8 1194.1 413.8 364.7 44.0%

Class 2.5 393.4 1.5654 201.1 1202.1 414.2 374.6 43.5%

Class 2.5 & HSE 428.6 1.5670 219.3 1314.9 420.0 397.3 44.2%

Fairchild Metro 23 FC (2+1cab mod)**

Class 2 428.7 1.4967 268.3 2684.5 451.4 434.3 52.7%

Class 2.5 391.3 1.4951 240.8 2406.2 444.4 408.6 52.0%

Class 2.5 & HSE 416.0 1.4962 258.1 2581.0 449.1 424.9 52.5%

BAE Jetstream 31 FC

Class 2 516.3 0.8957 198.8 2253.5 402.4 181.3 56.9%

Class 2.5 509.3 0.8956 196.2 2224.4 401.6 180.1 56.7%

Class 2.5 & HSE 526.3 0.8958 201.8 2280.6 403.7 183.0 57.2%

Embraer EMB 110P2 FC

Class 2 362.9 0.8157 128.4 775.3 356.9 101.3 50.3%

Class 2.5 358.1 0.8155 129.6 770.8 355.7 101.1 50.4%

Class 2.5 & HSE 363.9 0.8157 130.0 781.1 356.9 101.5 50.2%

*Gravimetric tank efficiency; the ratio between the contained fuel mass and the total mass of the tank and contained fuel.
**Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.

the differences in MTOM and power-loading requirements, this is fairly unsurprising. However, what
is surprising are the large differences between aircraft in terms of FCS specific power. The Do 228
and Metro 23 aircraft achieved a FCS specific power of around 1.57 and 1.50 kW/kg, respectively.
Conversely, for the Jetstream 31 and EMB 110 this value was only around 0.90 and 0.82 kW/kg, re-
spectively. These phenomena cannot simply be explained through the obvious differences in mission
requirements. In fact, the aircraft division between the high and fast-flying Metro 23 and Jetstream
31, and the lower and slower Do 228 and EMB 110 break down completely in this particular case.
Thus, there is a need to examine these phenomena further. This will be done later in this section by
deconstructing the FCS mass into its individual components.

Although only used for take-off and climb segments, the battery pack mass is still the largest single
contribution to the powertrain mass. This is especially notable for the two pressurised aircraft that cruise
at an altitude of around 7 km. Indeed, their battery accounts for over 25% of their OEM, as can be seen
in Figure 5.4. For the low-flying EMB 110 and Do 228 this value is only around 14%. It is worth noting
that during a normal trip with no loiter or diversion the battery provides only between 2.4 and 5.2% of the
total energy required for the trip. Naturally, with such a large mass penalty, but a relatively low energy
contribution, an obvious question arises: would it be sensible to reduce the aircraft’s dependence on
the battery power and thus lower the battery pack mass? After all, the current power hybridisation of
50% during take-off and 25% during climb is simply an educated guess. This question will be further
explored in the sensitivity analysis present in Section 5.6, where power hybridisation will be varied to
explore its effects on aircraft mass and energy consumption.

While not as heavy as the FCS or the battery pack, the cryogenic hydrogen tank still presents a
sizeable contribution to the OEM, as was expected. In the rightmost column of Table 5.3, the tank
mass efficiency or the gravimetric efficiency is presented. This value is defined as the total fuel mass
divided by the combinedmass of the fuel and the tank structure. For the fuel cell aircraft in this study, this
value ranges from 43% to 57%. With the cabin widths between 1.34 m and 1.85 m, these gravimetric
efficiency results are completely in line with the results presented by Verstraete et al. [35]. As expected,
the worst tank mass efficiency is found in the Do 228. This can be easily explained by the fact that after
the fuselage modification on the Metro 23, the Do 228 is left with the by far most narrow fuselage. This
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Figure 5.4: Relative mass results from powertrain sizing for fuel-cell commuter aircraft with nominal mission requirements
(Initiator class 2.5 ’depth’).

resulted in a very slender and inefficient tank design. Conversely, the Jetstream 31 with a similar range
achieves the best tank gravimetric efficiency, in large part because of the widest fuselage diameter.

Finally, it is necessary to also focus on the fuel subsystem needed to supply and regulate the flow
of hydrogen to the fuel cells. This sometimes overlooked subsystem in a hydrogen fuel-cell powertrain
presents an important mass contribution to the overall powertrain system. In fact, the results shown
here consistently indicate the fuel supply and regulation system presents a larger mass than the hydro-
gen tank itself. Furthermore, the mass of this subsystem depends very little on the amount of hydrogen
stored onboard. Thus, for lower-range aircraft, the fuel supply system presents a disproportionately
large amount of mass compared to the hydrogen fuel tank. Looking at Figure 5.4, it can be seen that
the fuel subsystem accounts for 6% of total aircraft OEM for the EMB 110 and between 4.7 and 5.0%
for the other three aircraft.

FCS Mass Breakdown
The mass of the four major components of a single FCS for all four aircraft is laid out in Table 5.4.
Besides the absolute mass value, Figure 5.5 also displays the relative mass contribution of each com-
ponent to the total FCS mass.

As expected, it can be seen that the mass of the fuel-cell stacks is fairly consistent with the net power
produced by the FCS. Since the humidifier is sized based on the power produced by the fuel-cell stacks,
its mass is also proportional to the fuel-cell stacks. This cannot be said for the compressor, however.
Since the compressor is sized to provide sea-level pressure to the fuel-cell stacks, the compressor
mass presents a higher fraction of the total FCS mass for aircraft that cruise at higher altitudes, as can
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Table 5.4: Mass breakdown of a single FCS

FCS FC Stacks Compressor Humidifier Heat
Exchanger

[kW ]* [kg] [kg] [kg] [kg] [kg]

Dornier Do 228-212 FC

Class 2.5 616 393 205 20 31 134

Fairchild Metro 23 FC (2+1cab mod)**

Class 2.5 575 391 192 4 31 129

BAE Jetstream 31 FC

Class 2.5 454 509 153 36 25 295

Embraer EMB 110P2 FC

Class 2.5 298 358 97 11 18 233

*Net power of the FC stack, accounting for the parasitic power draw of the BoP components
**Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.
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Figure 5.5: Relative FCS mass composition

be seen in Figure 5.5. The mass of the humidifier with the current sizing model is independent of the
flight altitude and thus, the mass is directly proportional to the power of the fuel-cell stacks.

Unlike the rest of the FCS components, the mass of the heat exchanger appears to vary greatly,
irrespective of the FCS power output or fuel-cell stack mass. Recalling the FCS specific power discrep-
ancies discovered in Table 5.3, the heat exchanger results from Figure 5.5 offer some more insights
into the issue. As it turns out, a sudden jump in specific power is caused by a particular combination
of Mach number and air density which control the efficiency of the FCS heat exchanger through the
Reynolds number. However, this section will not go into more detail on this phenomenon. For more
information, the reader should refer to Section 5.6 and Chapter 6 where these discrepancies will be
addressed in more detail.

5.3. Geometrical Sizing Results
Now that the mass estimates for fuel cell aircraft have been discussed, it is also worth briefly examining
the results in terms of aircraft geometric sizing. While the increasedmass of the fuel cell aircraft naturally
translates into an increased aircraft size, it is still worth quantifying the difference and visualising the
aircraft.

The overall dimensions of the fuel cell aircraft obtained with the Initiator class 2.5 ’depth’, as well as
their relative changes with respect to the conventional aircraft are listed in Table 5.5. The changes in
the wingspan relate clearly with the increase in MTOM and the corresponding increases in wing area.
However, The overall length and height changes are slightly less straightforward to explain.

The main parameter controlling the aircraft length increase is the addition of the cryogenic fuel tank.
Accordingly, the aircraft with lesser range and wider fuselages experienced lower length growth. The
largest increase in length is 43% seen on the Do 228 due to its large slender cryogenic fuel tank. While
a much lesser increase is shown for the Metro 23 it is worth remembering that the fuel-cell version of
this aircraft has a different seating layout and would be notably shorter than the reference version if not
for the large cryogenic fuel tank.

The height growth is a combination of two factors. The first reason is the vertical tail size increase
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Table 5.5: Overall dimensions of the fuel-cell commuter aircraft with nominal mission requirements

Length Wingspan Height

[m] [∆conv.]* [m] [∆conv.]* [m] [∆conv.]*

Dornier Do 228-212 FC

Class 2.5 23.58 43% 22.26 28% 6.17 27%

Fairchild Metro 23 FC (2+1cab mod)**

Class 2.5 21.75 19% 22.02 26% 6.76 29%

BAE Jetstream 31 FC

Class 2.5 18.15 26% 19.86 32% 6.85 20%

Embraer EMB 110P2 FC

Class 2.5 17.11 12% 17.76 15% 6.21 14%

*Difference w.r.t. the Initiator results for conventional commuter aircraft sizing with equal design ’depth’.
**Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing conver-
gence.

which corresponds to the increase in overall aircraft size. The second factor is the tail scrape angle or
the angle to which the aircraft can rotate on the ground before the tail cone strikes the ground. As with
most aircraft configuration parameters, this angle has been preserved with respect to the conventional
aircraft model. Thus, with an elongated fuselage, the fuel cell aircraft require longer main landing gear
struts to achieve the same scrape angle. Inadvertently, this also increases the overall aircraft height,
as well as mass.

Figure 5.6 illustrates the size differences between the conventional and fuel cell aircraft by super-
imposing the top-view results. The aircraft displayed above the aircraft centerline are fuel cell aircraft,
while the aircraft below the centerline are conventional aircraft. All results in the figure were obtained
using the Initiator class 2.5 sizing ’depth’ and a nominal mission as the design mission for fuel cell
aircraft.

An observation that was not possible to make by simply looking at the Table 5.5, but is visible
in Figure 5.6 is the disproportional increase in the size of nacelles on the fuel cell aircraft. While a
considerable part of the size difference can be attributed to the overall larger size of the aircraft, the
nacelle appears to grow even more than the rest of the aircraft, especially for the Jetstream 31. Thus it
could be said that the FCS and the electric motor require more volume than the equivalent conventional
turbine engine. Nevertheless, since not much information is available on the packing efficiency of real-
world fuel-cell systems, any conclusions based on the presented geometry results should be used with
caution. Furthermore, the large nacelle size on the Jetstream 31 is almost entirely due to the large heat
exchanger. As one might recall, the heat exchanger model and its results have already received some
attention and criticism due to the unexpected deviations between the four presented aircraft. Thus, the
accuracy of FCS volume results might have some limitations.

5.4. Mission Energy Use and Emissions Analysis
While the previous sections concluded that the mass of the aircraft greatly increases due to the fuel-cell
powertrain, it says nothing about the changes in the required energy to perform the mission. While it is
clear that heavier aircraft generally consumemore energy over the samemission, it is also likely that the
increased efficiency that is expected of the hydrogen hybrid fuel-cell powertrain could bring measurable
energy savings and at least partially offset the mass penalty. To determine the energy performance of
fuel-cell commuter aircraft, including powertrain efficiency, energy costs and environmental aspects,
this section will quantify and analyse the aircraft energy use and its impacts.

5.4.1. Total Energy Use and Energy Efficiency
First, the total energy required to fly the fuel cell aircraft to the intended destination during a nominal
mission is examined. This information can be seen in the first column of Table 5.6. Note, that these
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(a) Dornier Do 228-212
blank

(b) Fairchild Metro 23
(fuel cell aircraft with a modified 2+1 cabin seating)

(c) BAE Jetstream 31 (d) Embraer EMB 110P2

Figure 5.6: Size comparison between the fuel cell aircraft sized for a nominal mission and conventional aircraft with Initiator
class 2.5 ’depth’ results (top half: fuel cell aircraft; bottom half: conventional aircraft).

energy figures do not include the reserve energy required to fly to the alternate airport, nor the 45-minute
loiter period. As can be seen from the table, the total mission energy values range from around 9.5 to
60 GJ. This is a large range of values, but it correlates well with the differences in range, speed, and
OEM of the aircraft. Since all 4 aircraft carry equal payload during a nominal mission, no discrepancy
in total energy values between aircraft can be attributed to the payload mass.

The second metric that is included in Table 5.6 is the payload-range energy efficiency or PREE.
This metric is obtained by multiplying the weight of the payload by the distance flown and dividing the
product by the total energy required to reach the destination airport, as demonstrated in Equation 5.1.
As can be seen from the equation, the value is dimensionless. In essence, PREE indicates the payload
transportation energy efficiency of the aircraft system.

PREE =
mpayload · g ·Rmission

Emission
(5.1)

Despite the much higher MTOM and OEM of fuel cell aircraft, their total energy use and payload-
range efficiency or PREE values have not suffered greatly. The most negatively affected aircraft is
the Metro 23 whose PREE estimates dropped by 4.5%. More notably, however, the EMB 110 actually
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Table 5.6: Mission energy and efficiency results from fuel-cell commuter aircraft with nominal mission requirements

Total mission

energy

Payload-range energy

efficiency (PREE)

FCS net

efficiency

Battery mission

energy fraction

[GJ ] [∆conv.]* [–] [∆conv.]* [%HHV ] [%]

Dornier Do 228-212 FC; Range: 1166 km

Class 2.5 34.1 +3.1% 0.57 -3.0% 37.4% 2.34%

Fairchild Metro 23 FC (2+1cab mod)**; Range: 2065 km

Class 2.5 59.7 +4.7% 0.61 -4.5% 35.7% 2.74%

BAE Jetstream 31 FC; Range: 1192 km

Class 2.5 26.9 +1.9% 0.71 -1.4% 34.9% 5.22%

Embraer EMB 110P2 FC; Range: 520 km

Class 2.5 9.5 -38.3% 0.63 +41.2% 37.2% 4.91%
*Difference w.r.t. the Initiator results for conventional commuter aircraft sizing with equal design ’depth’.
**Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.

improved its PREE by over 40%. Overall, these results show that the increased efficiency of the fuel-cell
powertrain indeed largely offsets the aircraft mass penalty. The net FCS efficiency is around 35% for the
aircraft with a higher cruise altitude and around 37% for the lower flying aircraft. Since the presented net
FCS efficiency includes the parasitic power draw of the compressor, the higher-flying aircraft naturally
lose more energy to the compressor. Nevertheless, the compressor power draw seems to have only a
small effect on the overall FCS efficiency.

Before moving on, it is also important to point out that the energy efficiency used to calculate the
PREE values for conventional aircraft has been obtained using the LHV of Jet-A1 fuel. Conversely,
since the fuel cells produce water in liquid form, the consumed hydrogen fuel energy has been calcu-
lated using the hydrogen HHV value. By extension, the fuel cell aircraft PREE is then also obtained
using the hydrogen HHV value. The HHV value has also been used to compute the FCS net efficiency.
While this approach is technically more correct, it skews the perspective on how good the system is
in converting fuel into useful energy. For example, if one is to take this approach and consider a FCS
and a hydrogen combustion engine that have identical efficiencies, the FCS would still extract more
useful energy than the combustion engine. This is because the hydrogen reaction in the fuel cell simply
produces more free energy that can be directly extracted, compared to the combustion engine which
discards a lot of the reaction energy into the atmosphere in the form of steam. If LHV was to be used
for fuel cell aircraft efficiencies, the PREE and FCS net efficiency values would improve by 16.3%. This
value is the difference between hydrogen HHV and LHV values.

The last column of Table 5.6 displays the fraction of total mission energy that is provided by the
battery. The range of these values is between 2.4 and 5.2%. This is a fairly small amount of energy,
especially if one recalls the results presented in Table 5.3, where it was shown that the battery pack
contributes 13.3-25.8% to the aircraft OEM. This nicely illustrates the low specific energy of battery
packs compared to hydrogen.

5.4.2. Environmental Impact Analysis
While the energy use analysis in the previous section did largely not favour the fuel cell aircraft solution,
the same cannot be said for the emissions analysis. To support this claim, Figure 5.7 presents the total
GWP of the aircraft energy carriers using the ’well-to-wake’ analysis. Using the energy analysis shown
in Table 5.6 and combining it with the GWP predictions for each energy source in Tables 4.6 and 4.7,
the GWP for 5 scenarios was obtained. These include conventional aircraft powered by regular Jet-A1
fuel, conventional aircraft powered by SAF (PtL SAF), and fuel cell aircraft powered by liquid hydrogen
and electricity (LH2 + e−). Additionally, the SAF and fuel-cell solutions were further split based on
two electricity source scenarios. These two electricity sources are Danish wind farms (DK Wind) and
Spanish photovoltaic plants (ES PV).

While it can be seen that the SAF solution presents a sizeable improvement in terms of GWP, the fuel
cell aircraft still outclass the competition. This is especially true when wind energy is used to generate
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Figure 5.7: Nominal mission energy GWP estimation using conventional and fuel-cell commuter aircraft

the required electricity for electrolysis. Nevertheless, according to this analysis, the difference in GWP
between utilising SAF obtained using wind energy and liquid hydrogen obtained using solar power is
smaller than the difference between the two liquid hydrogen options in most cases. Thus, it can be
concluded that the choice of electrical power generation is a major factor in the total GWP even when
both sources are renewable. Still, even when using less favourable PV energy generation, the fuel cell
aircraft perform better than any presented SAF solution.

In concrete terms, when using PV electrical power, the fuel cell aircraft produce between 73% and
88% less GWP than aircraft using Jet-A1 and between 61% and 82% less GWP than aircraft using
SAF. When switching to wind-generated power, these numbers become 95% to 98% when compared
to Jet-A1 and 86% to 93% when compared to SAF. For more detailed information the reader is advised
to consult Table C.2 under the supplementary material in Appendix C for the complete set of energy
GWP estimates for all aircraft.

5.4.3. Cost Analysis
Although aircraft energy use and efficiency are great metrics to compare the performance of aircraft,
aircraft operators are likely to be more preoccupied with the potential cost implications of powering
novel aircraft. Thus, the following paragraphs will examine the total trip energy cost and the aircraft
cost efficiency, including the cost for emissions allowances.

Trip Energy Cost
By combining the energy figures presented in Table 5.6 and the cost estimates for different energy
carriers presented in Table 4.8, the trip energy costs can now be obtained. Figure 5.8 illustrates the
nominal mission trip energy cost estimates for all four aircraft.

The solid bars on the figure represent the cost estimate using the ’base’ price for energy carriers
from Table 4.8. The ’Low’ and ’High’ estimates from that table are used to construct the confidence
intervals, seen represented in Figure 5.8 with dark vertical lines on top of the bars. The cost estimates
for the conventional aircraft include both, the regular Jet-A1 aircraft fuel, as well as the SAF alternative
obtained using the PtL method. For fuel cell aircraft, the energy cost estimate includes both the liquid
hydrogen, as well as the electricity to charge the batteries.

For the complete set of cost estimates for all aircraft, the reader is advised to consult Table C.1
under the supplementary material in Appendix C.

Looking at the figure it becomes clear that in all likelihood neither the fuel cell aircraft nor the SAF
solution can outperform the conventional jet fuel in terms of trip energy cost. Nevertheless, it does
appear that the fuel cell aircraft solution might have a slight edge over the SAF solution, despite the
increased energy consumption of the larger fuel cell aircraft.

Neglecting the confidence intervals and only looking at the ’Base’ price predictions, the trip energy
cost for fuel cell aircraft is approximately 30% to 95% higher than that of conventional aircraft running
on Jet-A1. Specifically, it is approximately 95% higher for the Metro 23, 90% higher for the Do 228,
80% higher for the Jetstream 31, and 30% higher for the EMB 110. The cost of conventional aircraft
running on SAF appears even higher than that of fuel cell aircraft running on liquid hydrogen and
electricity. Concretely, using a SAF aircraft appears to be 10%–40% more expensive than using fuel
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Figure 5.8: Mission energy cost estimation for the nominal mission in the year 2040 using conventional and fuel-cell commuter
aircraft

cell aircraft. Ultimately, however, it has to be acknowledged that the confidence intervals for all three
energy carrier solutions are large and making any concrete predictions about the financial viability of
any of the presented options is difficult.

Accounting for Emission Allowance Costs
As mentioned in Section 4.4.2, the aircraft operator might incur additional costs when operating in
countries or regions with an active emissions trading scheme. Since it is assumed that the aircraft
operate within the EU, the costs of the emissions allowances had to be added on top of the baseline
energy costs. Based on the costs presented in Figure 5.8, the GWP presented in Figure 5.7, and the
assumptions made in Section 4.4.2, the combined energy costs and emissions allowance costs are
presented in Figure 5.9
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Figure 5.9: Combined mission energy cost and emissions allowance cost (purchased from ETS) estimation for the nominal
mission in the year 2040 using conventional and fuel-cell commuter aircraft

As can be seen from the figure, applying the emission allowance costs to the default price presented
in Section 4.4.2 changes the results substantially. While SAF is still the most expensive option, hydro-
gen has been made much more competitive. In fact, hydrogen appears to be financially as competitive
as the Jet-A1. This is a very promising result for the overall viability of fuel cell aircraft.

Payload-Range Cost Efficiency (PRCE)
While the trip cost estimate presented above is an important metric to compare the fuel cell aircraft
against their equivalent conventional counterpart, it is not well suited to compare different aircraft
designs. Thus, similar to PREE, which is used to compare aircraft energy efficiencies, the payload-
range cost efficiency or PRCE has been used to achieve a similar comparison with costs. Figure 5.10
illustrates the PRCE for all four aircraft types in kg·km/€. Note that the price estimates include the
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Figure 5.10: Mission payload-range cost efficiency for the nominal mission using conventional and fuel-cell commuter aircraft

emission allowances from the previous section. The confidence intervals have been computed in the
same fashion as with the cost estimates in Figure 5.9.

Looking at the base price PRCE estimates, the conventional Jet-A1 option shows fairly consistent
values of PRCE between 1500 and 1900 for all 4 aircraft. Similarly, the two hydrogen options perform
just as well or even slightly better than the conventional Jet-A1 aircraft. Once again, however, the EMB
110 is somewhat of an outlier. The PRCE of hydrogen-powered EMB 110 is much higher than the con-
ventional EMB 110. Nevertheless, this was to be expected, since the fuel-cell EMB 110 outperformed
the conventional aircraft in terms of PREE by 40%.

5.5. Comparison with Maximum Payload Mission Sizing Results
A similar analysis to that of the fuel cell aircraft sized for the nominal mission will also be performed for
the aircraft sized by the maximum payload mission. Nevertheless, since the maximum payload mission
sizing was not the primary objective of this study, the results presented in this section will not be as
detailed as for the nominal mission. Instead, they will mainly focus on the differences with respect to
the fuel cell aircraft sized for the nominal mission, presented above.

5.5.1. Overall Aircraft Mass Results
Table 5.7 presents the OEM and MTOM results of the fuel cell aircraft sized by the maximum-payload
mission. Besides the absolute mass values, the table also lists the relative mass increase with respect
to the conventional aircraft and the relative mass difference compared to the fuel cell aircraft sized
using the nominal mission requirements. These results can be found in columns ∆conv. and ∆nom._fc,
respectively.

Despite the increased payload requirements, the fuel cell aircraft sized for the maximum payload
missions are lighter than their maximum passenger mission counterparts. The largest mass difference
between the aircraft sized for the maximum payload and the aircraft sized for the nominal mission can
be observed for the Dornier Do 228-212 and Fairchild Metro 23. These two aircraft also had much
heavier cryogenic fuel tanks compared to the other two aircraft. Thus, it is unsurprising that lowering
the mission range requirement had a very positive effect on lowering the aircraft mass by reducing the
tank size and fuselage length.

In general, these results suggest that fuel cell aircraft experience increased sensitivity to the range
requirements in comparison to conventional aircraft. When considering the conventional versions of
the aircraft, both the nominal mission and the maximum payload mission requirements resulted in the
same aircraft MTOM. When looking at the fuel cell aircraft, however, the MTOM for the maximum
payload mission is lower than for the nominal mission. Therefore, while this payload-range trade-off
between the two design missions is evenhanded for conventional aircraft, it appears that the range is
more influential for fuel-cell commuter aircraft MTOM.

5.5.2. Mission Energy Use Results
The total mission energy and the payload range energy efficiency (PREE) for the fuel cell aircraft sized
by the maximum-payload mission are listed in Table 5.8. Similarly to the mass results in Section 5.5.1,
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Table 5.7: Preliminary sizing results for fuel cell commuter aircraft with maximum payload mission requirements

OEM MTOM

[kg] ∆conv.* ∆nom._fc** [kg] ∆conv.* ∆nom._fc**

Dornier Do 228-212 FC

Class 2.5 7226 +84.1% -13.2% 9264 +41.9% -9.4%

Fairchild Metro 23 FC (2+1cab mod)***

Class 2.5 8054 +80.3% -15.5% 10540 +38.2% -9.1%

BAE Jetstream 31 FC

Class 2.5 8251 +99.2% -4.3% 10221 +54.7% -2.5%

Embraer EMB 110P2 FC

Class 2.5 5874 +60.3% 0.0% 7475 +31.3% -1.6%
*Difference w.r.t. the Initiator results for conventional commuter aircraft sizing with equal design ’depth’.
**Difference w.r.t. the Initiator results for nominal mission fuel-cell commuter aircraft sizing with equal design ’depth’.
***Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.

the table in this section also lists the relative change compared to the conventional aircraft, as well as
the relative difference compared to the fuel cell aircraft sized using the nominal mission. Again, these
results can be found in columns ∆conv. and ∆nom._fc, respectively.

Table 5.8: Mission energy and efficiency results from fuel-cell commuter aircraft with maximum payload mission requirements

Total mission

energy

Payload-range energy

efficiency (PREE)

[GJ ] ∆conv.* ∆nom._fc** [−] ∆conv.* ∆nom._fc**

Dornier Do 228-212 FC; Range: 800 km

Class 2.5 21.2 -7.8% -37.7% 0.68 +22.2% +25.2%

Fairchild Metro 23 FC (2+1cab mod)***; Range: 978 km

Class 2.5 23.7 -11.8% -57.5% 1.38 +49.4% +71.5%

BAE Jetstream 31 FC; Range: 780 km

Class 2.5 17.1 -8.4% -36.8% 1.11 +14.1% +17.3%

Embraer EMB 110P2 FC; Range: 440 km

Class 2.5 8.0 -28.9% -13.5% 0.91 +43.8% +3.6%
*Difference w.r.t. the Initiator results for conventional commuter aircraft sizing with equal design ’depth’.
**Difference w.r.t. the Initiator results for nominal mission fuel-cell commuter aircraft sizing with equal design ’depth’.
***Cabin widening to 2+1 seating configuration was required to limit overall fuselage length and allow for sizing convergence.

With a higher payload, but a shorter mission range, all 4 fuel cell aircraft outperformed conventional
aircraft in terms of energy use. In fact, as can be seen from the table, the energy savings are consid-
erable. While the EMB 110 aircraft already outperformed the conventional aircraft energy use in the
nominal mission, the same was not true for the other three examples. When considering the PREE, the
results for the Metro 23 are especially noteworthy. The fuel cell version of the aircraft shows an almost
50% increase in PREE compared to the conventional aircraft flying a maximum payload mission.

5.6. Sensitivity Analysis
Most of the presented results for the fuel cell aircraft so far indicated a noteworthy rise in aircraft mass
and an increase in energy use compared to conventional aircraft. Thus, it becomes almost imperative
to look for potential improvements in thosemetrics. While a full-fledged optimisation schemewould be a
good way to pursue this goal, it falls outside of the scope of this project. However, a sensitivity analysis
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can still give a good first impression of the potential mass and energy savings that future optimisation
could bring.

Another important aspect of sensitivity analysis is to quantify the uncertainties in the models used
to arrive at the results. Unfortunately, many of the sizing models used to obtain the results for fuel cell
aircraft designs rely heavily on preliminary technology estimates and educated guesses. Furthermore,
there are currently no flying commercial passenger fuel cell aircraft available to validate the complete
sizing method. Therefore, a sensitivity analysis, such as the one presented in this section, is crucial in
quantifying some of these uncertainties.

This section will present a sensitivity analysis of the fuel cell aircraft MTOM and the mission energy
usage. These two indicators were chosen, as they can act as analogues for many other metrics. For
instance, the aircraft purchase price, maintenance, and airport fees are strongly linked to the aircraft
MTOM. Similarly, the energy use per mission correlates well with the per-hour flying cost and the en-
vironmental impact of aircraft operations.

The sensitivity analysis will be done by varying 12 different aircraft mission, powertrain, and airframe
geometry parameters. The first 4 parameters are related to mission requirements and include the
aircraft payload, cruise Mach number, mission range and cruise altitude. Additionally, the sensitivity to
altitude was performed in two ways. Once by keeping a constant cruise true airspeed (TAS) and once
by keeping a constant cruise Mach number. This brings the total number of varied mission parameters
to 5.

The next 6 parameters relate to powertrain design. Specifically, the power degree of hybridisation
(DoH), FC over-sizing parameter, FC inlet compression ratio, cryogenic tank venting pressure, battery-
specific energy, and specific power of the electric propulsion motors. The battery-specific energy and
propulsion motor-specific power parameters were selected for this sensitivity analysis because of the
uncertainty in the current and near-future technology levels. The other 4 powertrain parameters were
selected due to another uncertainty. Their initial or default values were based on existing research into
this topic. However, it was unclear whether the initially selected values were optimal. Thus, the intention
of including them in this sensitivity analysis was to find out whether more optimal values existed and to
indicate what potential improvements to the aircraft design could be achieved by altering them.

The final parameter that will be investigated is the fuselage diameter. As one might recall, it was
hypothesised that keeping the fuselage diameter equal to the one of the corresponding conventional
aircraft resulted in a very large mass increase for the narrow Do 228-212 aircraft when equipped with
a hydrogen tank. Thus, this sensitivity analysis will attempt to confirm and quantify this phenomenon.

Finally, it is important to note that all of the results in this section have been obtained using the
Initiator aircraft sizing on the lowest, ’class 2’ depth.

The sensitivity analysis results will be presented in 3 parts. First, the sensitivity to mission paramet-
ers will be outlined. Next, the sensitivity to powertrain design parameters will be discussed. Finally, the
influence of the fuselage diameter on the aircraft sizing will be briefly explained. For the sake of brevity,
not all 4 fuel cell aircraft will be included in every part. Instead, a single representative aircraft will be
used to discuss the major trends that largely hold true for all 4 designs.

5.6.1. Sensitivity to Mission Parameters
The aircraft sizing sensitivity to mission parameters will use the BAE Jetstream 31 FC as a represent-
ative aircraft. The results for the other four aircraft are available in Appendix C. The mission para-
meters were varied in the range of ±30%, with the input parameters and results obtained using the
19-passenger nominal design mission as the reference point.

MTOM Sensitivity to Varying Mission Parameters
The MTOM sensitivity to 5 mission parameters can be seen in Figure 5.11. Before discussing the rest
of the results, the obvious anomalies should be addressed first. By observing the trends in the figure
it appears that there is an abnormally large reduction in the MTOM when reducing the cruise Mach
number beyond 15% and when reducing the cruise altitude beyond 20%. This anomaly is the result of
the FCS heat exchanger model, which appears to be extremely sensitive to the Reynolds number of the
airflow through the heat exchanger pipes. As discussed in Section 5.2.2, the jump in heat exchanger
effectiveness and consequently also in heat exchanger mass happens due to the transition of the airflow
through the pipes from turbulent to laminar or vice-versa. When varying the cruise Mach number or
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cruise altitude for the Jetstream 31 FC, this flow transition threshold is crossed. Crossing the threshold
results in a single, discrete jump in the aircraft MTOM. The Metro 23 and EMB 110 aircraft experience
a similar MTOM discontinuity, as can be seen in Figure C.5 and Figure C.6, respectively. Since there
is strong doubt about the validity of this model behaviour, the rest of the sensitivity analysis will not
address its effects any further.
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Figure 5.11: BAE Jetstream 31 FC MTOM sensitivity to mission parameters

Disregarding the sudden MTOM steps, the Jetstream 31 FC MTOM appears especially sensitive to
the changes in cruise Mach number. According to the analysis, a 10% increase in cruise Mach would
result in an 8.5% increase in MTOM. On the other hand, a 10% reduction in cruise Mach would result
in a 4.5% reduction in MTOM. The very high dependency on cruise Mach number is shared with the
rest of the aircraft in this study.

Another observation that can be made is that the Mach number displays a very clear minimum at
around 15% requirement reduction. This minimum is created by opposing trends. One of the main
culprits is the total aircraft drag. Since the FCS is sized by the cruise condition, lowering the cruise
Mach number should lead to a reduced power requirement and consequently, reduced FCS mass.
However, the aircraft drag is not only a function of velocity. An important factor determining the overall
drag is also the aircraft drag coefficient. When reducing the cruise Mach number, the drag coefficient
is actually increasing, since the wing is not as efficient at producing lift in those higher angle-of-attack
regimes. In fact, the CD in the reference point is 0.0143, whereas, around the minimum MTOM point,
the CD is already at 0.0275. Reducing the cruise M further, the CD reaches 0.0597 when the cruise
Mach is reduced by 30%. Thus, the two opposing factors create a minimum point somewhere between
the two extremes. For the Jetstream 31 FC, this point corresponds to the Mach number which is around
15% lower than the default value of 0.382.

The remainder of the mission parameters displays a slightly shallower trend than the Mach number,
with the payload appearing to have the second-highest gradient around the centre of the plot. Some-
what interestingly, the changes in aircraft mission range do not seem to influence the aircraft MTOM
as severely as expected. Reducing the range by 20%, e.g., results in a 5% reduction in MTOM, while
increasing the range by 20% results in a 6.3% MTOM growth. In more concrete figures, the 20% range
for the Jetstream 31 FC is just shy of 240 km and a 5% mass change is equivalent to approximately
520 kg. Nevertheless, for the Metro 23 and Do 228 aircraft, the two aircraft with heavier tanks, the
opposite is true.

Finally, lowering the cruise altitude with either constant Mach or TAS would reduce the total MTOM,
but the effects are much smaller than from the rest of the parameters. Increasing the altitude further,
especially at constant TAS, would have a similar effect to increasing the aircraft range. While the effect
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of altering the cruising altitude for the Jetstream 31 appear to be the least consequential out of all
mission parameters analysed, the altitude change effects are even less pronounced for the other three
aircraft in this study.

Overall, it appears that by slightly reducing the aircraft range, cruise Mach, and adjusting cruising
altitude, a notable reduction in MTOM could likely be achieved without a large compromise in aircraft
performance.

Required Mission Energy Sensitivity to Varying Mission Parameters
The mission (trip) energy sensitivity of the Jetstream 31 aircraft to 5 mission parameters can be seen
in Figure 5.12. Since the aircraft MTOM is very strongly linked to aircraft energy use, similar charac-
teristics to the ones observed in the MTOM sensitivity analysis were expected. Thus, the discussion
of aircraft energy use sensitivity will mostly revolve around illuminating any differences in trends with
respect to the previously discussed MTOM sensitivity. Note, however, that the y-axis on the Figure 5.12
plot is twice as large as it was in Figure 5.11.
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Figure 5.12: BAE Jetstream 31 FC mission energy sensitivity to mission parameters

The Mach number appears very influential on the aircraft energy use, just as it was for the aircraft
MTOM. Predictably, however, varying the range exhibits a much stronger influence on the sensitivity
than it did for MTOM. To illustrate, a 20% reduction in range resulted in approximately a 5% decrease
in MTOM and a 24% decrease in energy use. In fact, the influence of range now matches that of the
Mach number around the reference point. This is not only true for the Jetstream 31, but for all four
aircraft in this study. Observing the payload influence, one can notice that its impact on energy use is
somewhat smaller than it was on the aircraft MTOM. Finally, while it was previously seen that reducing
the cruise altitude would reduce the aircraft’s MTOM, the same cannot be said for the aircraft’s energy
usage. It appears that the reference altitude is already close to the optimum in terms of aircraft energy
usage for the Jetstream 31. For the rest of the aircraft, however, a reduction of altitude would actually
increase energy usage. Conversely, increasing the altitude would improve energy consumption.

5.6.2. Sensitivity to Powertrain Parameters
Just as the sensitivity analysis to mission parameters, the aircraft sizing sensitivity analysis to power-
train parameters will use the BAE Jetstream 31 FC as a representative aircraft. Similarly to the mission
parameters, the 19-passenger nominal design mission will serve as the reference point. Unlike the
mission parameters, however, varying the powertrain parameters was slightly less straightforward.
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Generally speaking, the powertrain parameters were also varied in the range of ±30%. However,
as will become clear from the figures, it was not possible to obtain the results in that range for all 5 para-
meters. This was either due to convergence issues or due to the very nature of the varied parameters.
To clarify, the following paragraphs will explain the particularities of all 6 powertrain parameters.

Starting with the power hybridisation, the reference point was set to 50% power hybridisation for
take-off, maximum climb gradient and all OEI requirements. For the remaining climb segments, the hy-
bridisation was 25%. The cruise and descent segments were set to 0% hybridisation. This is in accord-
ance with the powertrain configuration described in Section 4.3.1. When the hybridisation parameter
was varied in the sensitivity analysis, the ’Parameter change’ percentage was added or subtracted from
the original hybridisation value. In the case of the 25% hybridisation for the regular climb segments,
the ’Parameter change’ value would be halved. For example, a -10% change to hybridisation would
translate into 40% hybridisation (down from 50%) for take-off, maximum climb gradient and all OEI
requirements. For other climb segments, the change would be halved and thus, -10% would lead to
20% hybridisation (down from 25%). No results could be obtained beyond +20% hybridisation due to
convergence issues. Importantly, while reducing the hybridisation beyond -10% would not cause con-
vergence issues, it could violate some of the FCS model assumptions. Most notably, the assumption
that FCS is sized for cruise conditions is no longer true. Thus, more analysis is required to determine
whether these results are valid.

Next, the default fuel-cell (FC) over-sizing factor was set to 10%, as in the rest of the results. To
vary this parameter, the change in percentage was simply added or subtracted from the default value.
Since it is impossible to satisfy the power requirements by under-sizing the FC, no results could be
obtained below -10% change to this parameter.

The remainder of the parameters, namely the FC inlet compression ratio, hydrogen tank venting
pressure, battery-specific energy, and propulsive electric motor-specific power could be varied without
any special considerations. As a reminder, the default sizing was done with the FC inlet compression
ratio set to provide sea level pressure at cruise altitude, a tank venting pressure of 250 kPa, a battery
pack energy density of 260 Wh/kg, and an electric motor power density of 5795 W/kg.

MTOM Sensitivity to Varying Powertrain Parameters
The MTOM sensitivity to the 6 powertrain design parameters for the Jetstream 31 is illustrated in Fig-
ure 5.13. It can be seen that increasing any of the examined powertrain parameters, apart from the
hybridisation, results in a reduction of the aircraft MTOM. The two most influential parameters appear
to be battery-specific energy and hybridisation. Both of these parameters are directly connected to the
mass of the battery pack. Given the large battery mass that was presented in Section 5.2.2, the large
sensitivity of the MTOM to battery mass parameters is not surprising. On the other hand, the electric
propulsion motor-specific power, venting pressure, and the FC inlet compression ratio appear to have
a smaller influence on the aircraft MTOM. Still, their importance is far from negligible.

The rest of the aircraft included in this study exhibit similar trends with one notable exception. The
two aircraft with the heaviest tanks, the Do 228 and Metro 23, are most sensitive to the tank venting
pressure. In fact, for both aircraft, increasing the tank venting pressure by 30%would reduce theMTOM
by more than 10%, as displayed in Figure C.7 and Figure C.8.

Importantly, while battery and electric motor specific power are constrained by the available tech-
nology, the rest of the parameters are not. In fact, the MTOM benefits that could be brought about
by increasing the compressor compression ratio, increasing the FC stack over-sizing, or reducing the
hybridisation would not impact the aircraft mission capabilities. Thus, this indicates that there are po-
tentially sizeable mass savings in simply updating some powertrain design variables.

Required Mission Energy Sensitivity to Varying Powertrain Parameters
As was already mentioned in the mission energy sensitivity with respect to mission parameters, the
aircraft MTOM has a large influence on the aircraft energy usage. Thus, the focus of this energy
sensitivity analysis will be to identify the parameters that also influence energy consumption more
directly than through the aircraft mass. The required mission energy versus the powertrain parameter
change for the Jetstream 31 can be seen in Figure 5.14.

As anticipated, increasing FC over-sizing has additional benefits to energy usage, beyond just the
reduction in aircraft mass. By lowering the required cell power density, the fuel-cell efficiency can be
increased. This in turn reduces the energy consumption of the FCS. The opposite is true for hybridisa-
tion. While the analysis has shown that reducing the hybridisation has the potential of notably reducing



5.6. Sensitivity Analysis 77

-20%

-15%

-10%

-5%

0%

5%

10%

15%

20%

-30% -20% -10% 0% 10% 20% 30%

Δ
M

TO
M

 [
-]

 

Parameter change [-] 

Hybridisation

FC oversizing

FC comp. ratio

Tank p_vent

Bat. sE

EM. sP

Figure 5.13: BAE Jetstream 31 FC MTOM sensitivity to powertrain parameters
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Figure 5.14: BAE Jetstream 31 FC mission energy sensitivity to powertrain parameters

the aircraft MTOM, the energy use would not decrease as much. This can be explained by the simple
fact that the electric power path from the battery pack to the propulsion motor is more efficient than
the FCS path. Thus, reducing the total energy contribution of the battery has the unintended effect of
slightly reducing the overall powertrain efficiency.

5.6.3. Sensitivity to Fuselage Diameter
In this final part of the sensitivity analysis, the influence of the fuselage diameter on the fuel cell aircraft
results will be examined. The fuel cell aircraft selected for this analysis was the Dornier Do 228-212.
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As one might recall, this is the only fuel cell aircraft that retained its 1+1 seating layout, after the Metro
23 had to be modified to 2+1 seating to allow for aircraft convergence. Throughout the analysis of the
results, it was hinted that the narrow fuselage of the fuel-cell Do 228 was causing a disproportional
mass and size increase due to the inefficient shape of the cryogenic tank. Thus, to investigate this
hypothesis, this section will redesign the Do 228 by increasing the fuselage diameter and modifying
the cabin seating layout.

Two modified versions of the fuel-cell Do 228 were examined. In the first version, the seating layout
was raised to 2+1 seats per row, increasing the fuselage diameter from 1.82 to 2.05 m. In the second
conversion, the number of seats per row was increased further to 2+2, resulting in a fuselage diameter
of 2.47 m. No other design parameters were modified. It is worth mentioning, however, that many of the
design parameters are directly proportional to the fuselage length or diameter. For instance, the nose-
ad tail-cone lengths are sized relative o the fuselage diameter. Thus, by not changing the cone-length
parameter, the length of both cones will nevertheless increase due to the increased fuselage diameter.

The sizing results for the original aircraft and the two redesigned aircraft can be seen in Table 5.9.
Additionally, a graphical size comparison between the original aircraft and the resigned aircraft can be
seen in Figure 5.15.

Table 5.9: Sensitivity of sizing results to changes in fuselage diameter for the Do 228-212 FC aircraft

Seating
Fuselage

diameter

Aircraft

length
MTOM OEM

Trip

energy

Cryo. tank

mass

Total fuel

mass

Tank mass

efficiency

[-] [m] [m] [kg] [kg] [GJ] [kg] [kg] [-]

1+1 (original) 1.82 23.98 10153 8250 33.87 364.7 286.4 44.0%

2+1 2.05 19.73 9115 7237 31.15 230.1 263.0 53.3%

Diff. +12.6% -17.7% -10.2% -12.3% -8.0% -36.9% -8.2% +21.1%

2+2 2.47 19.51 9315 7422 32.60 195.4 274.9 58.5%

Diff. +35.7% -18.6% -8.3% -10.0% -3.7% -46.4% -5.6% +33.0%

(a) Above: 2+1; Below: 1+1 (b) Above: 2+2; Below: 1+1

Figure 5.15: Size comparison between different cabin seating configurations in the Do 228-212 FC aircraft sized for a nominal
mission. All sizing was performed with Initiator class 2 ’depth’.

What is immediately obvious is that the redesigned aircraft are much shorter than the original, as
was expected. Furthermore, the OEM and MTOM of the modified aircraft are substantially lower than
for the original. Additionally, the aircraft energy use and all the metrics connected to hydrogen storage
have been improved. However, the results obtained with the 2+1 seating arrangement are notably
better than the ones obtained with the 2+2 arrangement. This indicates that the 2+1 seating is the
optimum configuration for this particular aircraft.
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As hypothesised, the slender and heavy cryogenic tank was indeed very detrimental to the aircraft’s
mass and performance. By increasing the fuselage diameter from 1.82 m to 2.05 m, the gravimetric
tank efficiency increased from 44.0 to 53.3%. Widening the fuselage further, to 2.47 m, resulted in an
even better tank gravimetric efficiency of 58.5%. This improvement is illustrated in Figure 5.16, where it
can be seen how the increased fuselage diameter allows for a reduced total tank wall area. Not only did
the fuselage diameter improve the tank mass and efficiency, but it also drastically reduced the required
length of the aircraft. In both cases, the aircraft length decreased by over 4 m, reducing the mass of
the aircraft structure in the process.
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Figure 5.16: Cryogenic tank side view comparison for different cabin seating configurations in the Do 228-212 FC aircraft sized
for a nominal mission. All sizing was performed with Initiator class 2 ’depth’.

Overall, these individual improvement snowball to create a much lighter and more efficient aircraft.
The MTOMs of the redesigned fuel-cell Do 228 aircraft are only between 43.1% and 46.2% higher
than that of the conventional Do 228 aircraft. In contrast, the original fuel-cell Do 228 aircraft has a
59.4% higher MTOM than the conventional aircraft. Furthermore, the 2+1 seating reduced the energy
consumption of the original fuel-cell Do 228 by 8%, which translates into roughly the same reduction in
trip energy cost and the trip energy GWP.



6
Discussion and Recommendations for

Future Work
After reviewing the methodology and results in the previous two chapters, this chapter will be used
to provide a critical reflection on the significance of the presented results and the quality of employed
methods. First, the research questions set at the beginning of this report will be answered in Section 6.1.
Next, the general observations concerning the viability of fuel-cell commuter aircraft will be explored
in Section 6.2. After that, in Section 6.3, the limitations in the methodology used for this study will be
listed. Finally, the chapter will conclude with Section 6.4 where a few recommendations for future work
on this topic will be given.

6.1. Answering the Research Questions
When setting up the research objectives at the beginning of this report, three main research questions
were posed. Additionally, each question contained sub-questions. This section will attempt to provide
answers to all the questions and sub-questions.

RQ-1 How does the addition of the hybrid fuel-cell powertrain influence the aircraft conceptual design
process?

[RQ-1.1] Overall, the conceptual design of hybrid fuel cell aircraft was notably more complex
than the conceptual design of conventional aircraft. As discussed in Section 3.3, the hybrid fuel-
cell powertrain needed a separate design point for every major component in the powertrain due
to the multiple power paths present in the system. Furthermore, unlike for conventional aircraft,
the mission analysis had to be interwoven directly into the initial class 1 aircraft sizing loop. Thus,
instead of simply constructing a statistical regression curve to determine the aircraft OEM, the
mission energy analysis was required to determine the masses of certain components in the
OEM, such as the battery. Moreover, the precise power split between the battery and FCS had
to be specified for every phase of the flight. This information was crucial to perform a mission
analysis that could be used to size the battery and the FCS.

[RQ-1.2] As already alluded to above, there are some additional conceptual design loops re-
quired when sizing hybrid hydrogen fuel cell aircraft. However, these additional loops are mostly
smaller and buried inside other, larger iteration loops. In fact, the most top-level schematic of
the entire design process, as the one that was shown in Figure 3.2, would hardly be any different
if it was depicting a design process for a conventional aircraft. Instead, the additional design
loops are nested inside the individual module blocks.

The iterative mission energy analysis is a good example of one such nested loop. It is
located inside the hybrid class 1 design module and is required to iteratively determine the
aircraft battery mass and the aircraft OEM. Another good example of a nested conceptual design
loop not present in the conceptual sizing of conventional aircraft is in the iterative FCS sizing.
The fuel-cell stack has to produce enough power to propel the aircraft, as well as drive its own

80



6.1. Answering the Research Questions 81

BoP systems. However, the power drawn from the BoP systems is proportional to the power of
the fuel-cell stack and thus, the sizing of the FCS has to be done iteratively.

[RQ-1.3] The conceptual design process of hybrid fuel cell aircraft also required more iterations
to achieve convergence. This was best illustrated in Figure 5.2, where the discrepancy between
the number of iterations required for convergence of the conventional aircraft was compared
against the iterations required for the fuel cell aircraft. Although the sample size of 4 aircraft
was relatively small to answer the question definitively, it nevertheless suggested that the fuel
cell aircraft on average require more iterations to achieve convergence than their conventional
counterparts.

On average, using the class 2 level Initiator ’depth’, the number of iterations approximately
doubled from 5 to 10 when running the design convergence for hybrid fuel-cell commuter aircraft.
However, this increase was largely caused by only one of the four aircraft – the BAE Jetstream
31. Nevertheless, when considering more detailed aircraft mass estimations of class 2.5 and
class 2.5 & HSE Initiator ’depths’, the number of iterations for hybrid fuel cell aircraft was notably
larger across all 4 aircraft. The average number of iterations required when using either the class
2.5 or class 2.5 & HSE ’depth’ rose from 10 to 20 iterations.

In summary, introducing a hybrid fuel-cell powertrain makes the conceptual design process not-
ably more complex, with some additional design loops, and a longer convergence time.

RQ-2 How does the performance of a hybrid hydrogen fuel cell powered commuter aircraft differ from
that of aircraft featuring a conventional powertrain?

[RQ-2.1] The MTOM of all 4 different hybrid fuel-cell commuter aircraft considered in this study
has increased greatly compared to the conventional aircraft with identical TLARs. In concrete
terms, when sizing the hybrid fuel cell aircraft for the nominal 19-passenger mission, the MTOM
increased by approximately 60% for the first three aircraft and by 30% for the remaining one.
When sizing the aircraft for the harmonic mission, the fuel-cell commuter aircraft MTOM was
between 30% and 55% higher than for a conventional aircraft with the same TLARs.

[RQ-2.2] The increase in MTOM translated into a slight total energy penalty when flying a nom-
inal 19-passenger mission with a fuel cell aircraft. The aircraft energy use in this case was
defined as the amount of energy stored in the fuel and/or batteries, that the aircraft consumes
when performing the flight from the origin airport to the destination airport, without diverting
or loitering. When the fuel cell aircraft considered in this research were sized for the nominal
19-passenger missions, the total energy required to perform a flight to their destination was
between 1.4% and 4.5% worse than for their conventional aircraft counterparts. An exception
to this was the fourth aircraft, the Embraer EMB 110P2 whose energy efficiency improved by
41.2% compared to the conventional aircraft. When sized for the harmonic mission, all fuel cell
aircraft experienced a drastic increase in energy efficiency compared to conventional commuter
aircraft. This efficiency advantage ranged from 38.1% to 70.5%.

To provide a more rounded answer to the question of energy usage performance it might
also be worth looking at the efficiency of the main power generators in the powertrain. Using
the HHV of hydrogen the net efficiency of the FCS in the fuel cell aircraft ranged from 35% to
37%, regardless of the design mission. In comparison, the conventional turbine engines that
power the original aircraft exhibited a net efficiency of approximately 23% (using the LHV of
Jet-A1).

[RQ-2.3] When it comes to mission cost performance it was assumed that the main difference
in mission cost between the conventional aircraft and the hybrid fuel cell aircraft would come
from the cost of the required energy and any emission-related costs. Thus, the first part of
this answer considers solely the purchase cost of the energy used by the aircraft to fly to the
destination. The second part of this answer adds the emission costs based on projections for the
EU’s ETS allowance costs on top of the energy purchase costs. The energy cost comparison
in this answer was done assuming green liquefied hydrogen and electricity for the hybrid fuel
cell aircraft. For conventional aircraft, two fuel options were considered. These were the regular
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Jet-A1 fuel and the SAF produced with the PtL method using renewable solar or wind electricity.
All projections were for the year 2040.

When sizing the fuel cell aircraft for the nominal mission, the cost of energy for the first
three aircraft was between 80% and 90% higher than for conventional aircraft. The EMB 110P2,
however, experienced a price increase of only around 30%. When the emission allowances
were factored in, it was shown that the hydrogen and electricity solution was on par with the
conventional fuel. Finally, SAF PtL fuel was themost expensive approach, regardless of whether
emission allowances were factored in.

[RQ-2.4] Similarly to the cost estimates, it was assumed that the majority of the environmental
impact difference between the fuel-cell solution and conventional aircraft came from the LCA of
the energy or energy carrier. The difference was quantified using the GWP metric. Similarly to
energy cost, the GWP comparison in this answer was done assuming green liquefied hydrogen
and renewable electricity for the hybrid fuel cell aircraft. For conventional aircraft, two fuel op-
tions were considered again. These were the regular Jet-A1 fuel and the SAF produced with the
PtL method using renewable solar or wind electricity. Additionally, the same distinction between
renewable solar or wind electricity was also applied to green hydrogen production in this case.

Compared to conventional aircraft powered by Jet-A1, the fuel cell aircraft with solar power
hydrogen performed between 76% and 88% better in terms of energy LCA. When hydrogen
was produced using wind power, the fuel cell aircraft perform between 94% and 98% better in
terms of energy LCA. In contrast, conventional aircraft using Ptl SAF obtained from solar and
wind power performed only 32% and 63% better than Jet-A1, respectively.

Overall, fuel cell aircraft have a higher MTOM than their conventional counterparts. Neverthe-
less, they exhibit a higher net powertrain efficiency and thus require a similar amount of energy
for the mission as conventional aircraft. Additionally, the fuel cell aircraft energy costs are higher
than for conventional aircraft. However, future EU emission allowance prices were projected to
make up for the cost difference. Finally, the fuel cell aircraft running on green hydrogen cut
energy emissions by 76% or more.

Some important notes have to be added to the provided answers. The first important consider-
ation here is that the hybrid fuel cell aircraft designs have not been optimised. Therefore, their
MTOM, energy use, environmental impact, and mission energy cost could be reduced consid-
erably, even with a relatively non-sophisticated optimisation. The evidence for this can be seen
in the sensitivity analysis presented in Section 5.6.

The second note to the answers above concerns the mission payload-range envelope. Un-
fortunately, to perform a truly unbiased aircraft performance comparison of the two powertrain
solutions and the corresponding aircraft designs, the mission capabilities of the two aircraft
across the entire payload-range envelope should be identical. However, as discussed in Sec-
tion 4.3.2, because of the inherent differences in the typical payload-range envelope between
the two powertrain solutions, such a comparison was impossible. If a hydrogen-powered aircraft
was sized such that its payload-range envelope fully enclosed that of a conventional aircraft, then
there would be regions in the envelope of the hydrogen aircraft that were out of reach for the
conventional aircraft. This would make the comparison biased again but in the other direction.

RQ-3 Which design parameters are the hybrid fuel-cell commuter aircraft designs most sensitive to?

The sensitivity studies upon which the answers to this question were based examined the effect
of 4 different mission parameters and 6 different powertrain technology parameters. Themission
parameters were the aircraft payload, range, cruise Mach number, and altitude, whereas the
powertrain parameters were the aircraft degree of power hybridisation, the fuel-cell stack over-
sizing, fuel-cell inlet compression ratio, venting pressure of the cryogenic hydrogen tank, battery
pack specific energy, and electric propulsionmotor specific power. Thus, any conclusions should
be prefaced with the note that other parameters were not considered. An avid reader might
remember that there was one more parameter included in the sensitivity study. Concretely,
the effects of changing the fuselage diameter were shown for one aircraft. However, while the
fuselage diameter is a very important consideration in designing an efficient fuel cell aircraft, the
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observations made when varying the fuselage diameter were harder to compare to the rest of
the parameters in the sensitivity analysis. This was mainly because the diameter of the fuselage
changed the seating configuration in a discretemanner. Thus, the results of the diameter change
were discontinuous and very sparse. Hence, the sensitivity to fuselage diameter is omitted here.

[RQ-3.1] Starting with the MTOM sensitivity, out of the 4 considered mission parameters, the
MTOM was shown to be the most sensitive to the cruise Mach number for all 4 fuel cell air-
craft sized for the nominal 19-passenger mission. The second most crucial parameter differed
between the 4 fuel cell aircraft. For the Do 228 and Metro 23, it was the range, and for the
Jetstream 31 and EMB 110, it was the payload. While not inconsequential, the cruising altitude
was still the least critical parameter determining the MTOM for all four aircraft in this study.

[RQ-3.2] When considering the MTOM sensitivity to powertrain parameters there was no con-
sensus for the most influential parameter between all four aircraft. Instead, for the Do 228 and
Metro 23, the tank venting pressure was the most important, just ahead of hybridisation. For
the EMB 110, the power degree of hybridisation took the top spot, whereas, for the Jetstream
31 aircraft, the influence of hybridisation was overtaken slightly by the battery-specific energy.
Overall, the hybridisation percentage and battery specific power consistently presented a high
influence over MTOM for all four aircraft. Besides these parameters, it was also found that
changing the fuel-cell over-sizing appeared to have a very strong effect on the aircraft MTOM
for all aircraft. This was especially notable when the over-sizing parameter was lowered from
the default 10% to 0, producing a strong MTOM spike between 3.4% and 8.9%. Finally, the
fuel-cell inlet compression ratio and the electromotor-specific power had a similarly small, but
not insignificant effect on the aircraft MTOM.

[RQ-3.3] Similarly to the aircraft MTOM, the most critical mission parameter for the aircraft en-
ergy use was again the cruise Mach number. However, unlike for the MTOM, the changes in
the range were equally consequential when considering energy use. Other mission parameters
had a notably smaller impact than the first two. The impact of cruising altitude was very different
between the four aircraft, both in magnitude, as well as in the shape of the trend. For example,
increasing the altitude reduced the energy use for the Do 228 and Metro 23. The trend for these
two aircraft appeared to be very linear. In both cases, a 30% change in altitude (constant TAS)
would result in about a 10% change in energy usage. When considering the EMB 110, however,
increasing the altitude only had a marginal effect on the energy use reduction. Finally, for the
Jetstream 31, the minimum energy use seemed to be exactly at the original cruise altitude of
7620 m.

[RQ-3.4] When observing the sensitivity of aircraft energy consumption to powertrain paramet-
ers there was a clear consensus among all four aircraft. The fuel-cell over-sizing percentage
was the most influential parameter. There was a notable trend indicating that increasing FC
over-sizing reduces the aircraft energy usage while lowering the over-sizing resulted in the op-
posite. The rest of the parameters generally exhibited a much weaker influence on the total
energy usage than the fuel-cell over-sizing, with the hybridisation, tank venting pressure, and
battery specific energy parameters trailing the fuel-cell over-sizing most closely.

In summary, the aircraft MTOM was in general most affected by the cruise Mach number, hy-
bridisation percentage, and battery specific energy. The hybrid tank venting pressure was very
important for MTOM of the Do 228 and Metro 23, while fairly insignificant to the other two aircraft.
Similarly to MTOM, the aircraft energy consumption generally exhibited the largest sensitivity to
the aircraft cruise Mach number. However, the aircraft range became equally important when
considering energy consumption.

6.2. Viability of Hydrogen Fuel-Cell Aircraft
As already discussed when posing the research goals at the beginning of this report, the term viability
represents more than just the ability of humans to create airworthy hybrid-fuel cell aircraft. Instead,
the goal of this study was to examine the viability of these hydrogen commuter aircraft in both, the
engineering sense, as well as in the financial and environmental sense.

Naturally, with such broad criteria for viability, it would be hard to declare hybrid fuel-cell-powered



6.2. Viability of Hydrogen Fuel-Cell Aircraft 84

commuter aircraft either viable or non-viable with a high degree of certainty. The complexity of this
question ensures that it can only be definitively answered once these aircraft actually attempt to make
their way into the commercial aviation sphere. However, there are some promising and some less
promising indicators regarding the eventual adoption of this technology that can be derived from this
study and give some pointers to what the final answer may be. First, the generalised observations
from all 4 aircraft platforms examined will be given. Next, this section will attempt to comment on the
differences between different aircraft in this study, especially why the EMB 110P2 performed so much
better as a fuel cell aircraft than the rest.

6.2.1. General Observations
Beginning with the negative aspects of the fuel-cell commuter aircraft technology, one can immedi-
ately point to the increased aircraft MTOM and OEM that were shown for all four aircraft. This mass
increase is definitely not favourable, since aircraft mass and size are usually closely related to the air-
craft purchase cost, airport fees, and maintenance costs. The high MTOM might also pose challenges
in certification since the current CS-23 regulation limits the aircraft weight to 8618 kg. Similarly, it was
shown that the baseline cost of fuel cell aircraft energy is higher than for conventional aircraft when
green hydrogen is used. However, it was also shown that when emission allowances are factored
in, the fuel-cell solution performs equally in terms of mission energy cost for the operator. Another
drawback of flying using hydrogen is the reduced payload-range envelope which translates into lower
mission flexibility, as was described in Section 4.3.2. Nevertheless, as Stoll and Mikic [113] point out,
most commuter aircraft are over-designed compared to the range they are mostly found operating in.
In fact, they claim that the largest commuter aircraft operator in the United States does not operate
flights beyond 420 km. Thus, while not ideal, the lower mission flexibility might not be as crucial for the
potential operators as one might be led to believe.

Despite the aforementioned drawbacks of the fuel-cell commuter aircraft, there are some important
benefits that should not be overlooked. By far the most promising are the results concerning the re-
duction in environmental impacts of hydrogen fuel cell aircraft operations. In fact, based on this study,
when green hydrogen is used, the reduction in GWP compared to conventional aircraft running on Jet-
A1 is between 76% and 98%! Furthermore, the sensitivity analysis in this study indicates that there is
ample room for optimisation of both, aircraft mass and energy usage. By tuning some of the powertrain
parameters, considerable optimisation can even be achieved without impacting the aircraft’s mission
capabilities. Moreover, by slightly reducing some of the mission capabilities, such as the cruise Mach
number, further optimisation can be achieved.

In summary, while this study has highlighted some of the challenges that have to be overcome, they
are likely not insurmountable. With aircraft design optimisation and further technological improvements
which are likely to happen in the near future due to the ongoing efforts in the industry and academia, the
hybrid hydrogen-fuel-cell-powered commuter aircraft appear to be a viable solution for more sustainable
aviation.

6.2.2. Individual Aircraft
While many observations on the viability of fuel cell commuter aircraft apply to all four aircraft examined
in this study, it is hard to overlook some of the differences between them. As expected, fuel cell aircraft
with more stringent performance requirements in terms of speed and range incur heftier mass penalties
when compared to conventional aircraft. However, there are other factors that negatively influenced
the overall fuel cell aircraft mass and energy usage. One of the most important among them is the
fuselage diameter. When the diameter is small, the cryogenic tank exhibits a lower mass efficiency,
increasing the total mass of the aircraft. Worse still, the required tank volume causes the fuselage to
elongate disproportionately and causes an excessive mass and drag penalty. This was clearly shown
with the Do 228 and Metro 23 aircraft. In fact, the Metro 23 aircraft fuselage had to be modified to even
permit design convergence.

This brings us to the EMB 110. It is hard to ignore the extent to which the EMB 110 performed better
as a fuel cell aircraft than the remaining aircraft in this study. The mass of this aircraft increased by only
half as much as for the other three aircraft. This also meant that it was the only aircraft whose energy
use over the mission actually reduced compared to the conventional aircraft. Hence, one might ask
themselves why this is the case.

It is no surprise that the EMB 110 aircraft requirements and configuration worked very well with the
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fuel-cell powertrain integration. The low cruising speed requirement of 0.283 M ensured that the aircraft
had the by far least restrictive power-loading for its FCS, as could be seen in Table 5.1. This translated
directly into a lighter FCS. Moreover, as could be seen in Table 5.3, the EMB 110 battery is by far the
lightest. Since the FCS alone cannot sustain a sufficient climb rate, the battery is utilised during the
climb. Thus, the two low-flying aircraft, including the EMB 110 required less battery-supplied energy,
resulting in a lighter battery. Finally, the EMB 110 has by far the lightest cryogenic fuel tank. The first
and most obvious reason for this is the low range of this aircraft, reducing the amount of fuel required.
In comparison to other aircraft analysed in this study, the EMB 110 is capable of flying only half the
range of the Do 228 or the Jetstream 31. Even more stark is the comparison to Metro 23, since the
EMB 110 can only achieve about a quarter of the former aircraft’s range. Finally, unlike in the Do 228
where the seating layout is 1+1, the seating layout in the EMB 110 is 2+1. This increase in fuselage
diameter ensures a higher gravimetric efficiency of the cryogenic tank. As could be seen from Table 5.3,
the tank mass efficiency of EMB 110 is around 50%. While not as high as for the Metro 23 (52%) or
Jetstream 31 (57%), it is still much better than the Do 228 (44%). Thus, the EMB does not suffer from
a very inefficient tank design. In summary, the EMB 110 requirements and geometry are well-suited for
fuel-cell powertrain integration.

6.3. Limitations of Presented Fuel-Cell Aircraft Results
While the study presented in this report has several strengths, it is also important to acknowledge its
limitations. These limitations will be classified based on whether their effects are known or unknown.
Specifically, the direction of the effects (i.e., whether they make the results too optimistic or too pess-
imistic) will be considered. First, the report will list the limitations of the models and methods for which
the direction of the effect is known. Then, the report will discuss the limitations for which the direction
of the effects is unknown.

The limitations for which the direction of effect is known can be seen in Table 6.1. As shown in the table,
the limitations that make the final results too optimistic generally revolve around the unaccounted mass
and drag from the FCS components. For instance, while the drag of the nacelle fairing is included in
the analysis, the drag caused by the internal FCS components, such as the heat exchanger, is not.
Additionally, the masses of plumbing for air, coolants, and hydrogen fuel that connect different com-
ponents of the FCS are not fully modelled. Similarly, the mass of power management and distribution
units or PMADs are not modelled fully either. Finally, the EMB 110 and the Do 228 aircraft do not have
a circular fuselage cross-section. Instead, the cross-section of the EMB 110 is slightly flattened on all
four sides, while the Do 228 cross-section is almost rectangular. Because of this, the circular cryogenic
tank diameter that would fit inside each of these aircraft, in reality, is slightly smaller than what this study
suggests. This would make the aircraft slightly longer and heavier.

Table 6.1: Limitations of the models used and the qualitative impact on the final results.

Too optimistic Too pessimistic

Unaccounted internal drag from the FCS Non-aerospace-grade FCS component models

Unaccounted mass of FCS plumbing Lack of powertrain and mission optimisation

Unaccounted PMAD mass Ageing reference aircraft designs

Inaccurate aircraft cross-section shape

Conversely, the fact that the models for various FCS components are based on commercially avail-
able hardware is likely making the model predictions too pessimistic. Since this commercially available
hardware is currently focused on maritime, construction, and other heavy transportation industries, the
components are likely to have some room for mass and/or volume optimisation. The lack of optimisa-
tion is not limited to the FSC components, however. As mentioned multiple times throughout this report,
the optimisation is also not performed on the aircraft system as a whole. The sensitivity analysis in this
report has shown the potential for mass and energy use improvements that could likely be achieved
with aircraft design and mission optimisation. Finally, it is also worth mentioning that most of the com-
muter aircraft that are operating today are fairly old aircraft designs with some improvements added
over the years. Hence, the fuel cell aircraft designs in this study are also based on these older airframe
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designs. Thus with newer materials, as well as structural and aerodynamic improvements, the all-new
fuel-cell commuter aircraft would likely perform better than the aircraft that are presented in this study.

The remainder of this section will list the model and methodology limitations for which the direction of
the effect is unknown. For consistency, these effects are also presented in a table format, concretely,
in Table 6.2.

Table 6.2: Unclassified limitations of the models used.

Inconsistent or unknown effect

Constant vertical stabiliser volume

HSE model validation

Heat exchanger model discontinuity

Class 2.5 convergence issues

Four notable limitations were observed during this study. First, the vertical stabiliser size for fuel
cell aircraft is solely determined through the tail volume coefficient, which is kept constant based on
the value from the reference conventional aircraft. The horizontal stabiliser, on the other hand, was
either determined through the same method of constant tail volume coefficient or by the HSE module.
However, as was observed in the conventional aircraft validation in Section 4.1.5, the HSE module
did not perform as desired. The third model limitation is the discontinuity in the FCS heat exchanger
model, where the change in flow Reynolds number causes the effectiveness of the heat exchanger to
change suddenly and drastically. This behaviour is unlikely to accurately reflect real-world phenomena.
Finally, it is observed that the class 2.5 mass estimation modules in the Initiator aircraft design synthesis
software exhibit convergence issues that can lead to the final converged result being too dependent
on the convergence margin set by the user.

6.4. Recommendations for Future Work
The results gathered in this research shed light on many interesting characteristics of the fuel-cell com-
muter aircraft. Nevertheless, based on the observed results, as well as model and methodology limita-
tions, there are several aircraft design software developments and research directions which would be
compelling to explore in the future.

Beginning with the FCS model, the following improvements would be very beneficial for the overall
fuel cell aircraft estimation accuracy. The models for the individual FCS BoP components should be
expanded to estimate the mass and volume of components based on multiple input parameters, as
opposed to just one, as is the case now. Alternatively, it would also be beneficial to revert to physics-
based models, but with increased estimation accuracy. Additionally, the drag caused by the individual
components in the FCS should be modelled as well, such that increases in FCS size can be penalised
with increased FCS drag.

The results of this study would also benefit greatly from an aircraft powertrain and mission optimisa-
tion scheme. In particular, optimising the levels of hybridisation for each phase of the flight to achieve
lighter and more efficient aircraft would be a very interesting research direction. Furthermore, this study
shows that there is potential for mass and energy savings by optimising fuel cell over-sizing, fuel cell
inlet pressure, and cryogenic tank venting pressure. Such optimisation schemes would allow better
quantification and a more detailed assessment of the potential advantages and drawbacks of the fuel
cell aircraft. Besides advancing the aircraft design and optimisation capabilities, expanding the aircraft
environmental impact and cost models would also present a good opportunity to analyse the viability
of fuel-cell commuter aircraft in a more holistic way. These models could include aircraft purchase and
maintenance costs, as well as the environmental effects of aircraft production and end-of-life costs.
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Conclusion

The purpose of this study was to assess the performance of hybrid hydrogen fuel-cell commuter aircraft
and compare the results to conventional turboprop commuter aircraft. Furthermore, this study also
aimed to assess the viability of the hydrogen fuel-cell powertrain for commuter-type aircraft.

The results presented in this report showed that the fuel cell aircraft mass increases with the in-
troduction of the fuel-cell powertrain. However, it was also shown that the fuel-cell powertrain is more
efficient than the conventional one. Thus, it could be seen that energy use is unlikely to increase dramat-
ically. With some minor optimisation, the energy use is likely to be brought well below the conventional
aircraft levels, even at higher aircraft mass.

When the fuel cell aircraft are utilising green hydrogen it was shown that the flight GWP reduces
by anywhere between 76% and 98% compared to conventional commuter aircraft. If the EU emission
allowances are factored in, the price of energy to perform the mission in the mid-term future appeared
to be approximately the same as for the conventional aircraft, even without aircraft energy use optim-
isation.

Despite these promising observations, the viability of hybrid fuel-cell-powered commuter aircraft
remains a complex issue that cannot be decisively determined without empirical evidence of their per-
formance in the commercial aviation domain. Any definitive conclusion can only be drawn after thor-
ough experimentation and evaluation of the aircraft’s capabilities. Nevertheless, this study offers some
valuable insights into the adoption potential of this technology, highlighting both favourable and unfa-
vourable factors that could impact its eventual acceptance in the industry. As such, it hopefully provides
a valuable foundation for future research and exploration of this innovative aviation technology.
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A
Legend of Symbols for Novel Powertrain

Architecture Representation

Table A.1: Symbols used to represent the novel powertrain architecture components (in accordance with the AIAA’s Guidelines
for Analysis of Hybrid Electric Aircraft System Studies; see [114])

Turboshaft Engine Motor

Piston engine Battery

Fuel cell Fuel tank

Forward-Facing Clockwise
Rotating Propeller1

Table A.2: Symbols used to represent the connections between components in novel powertrain architectures (Adopted from
Aigner et al. [41])

Electrical connection

Mechanical connection

Chemical / Thermodynamic
Connection

1Used to represent a generic propulsor device for the purposes of the powertrain schematics in Section 2.4
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B
Fuel-Cell Powertrain Model

Supplementary Material

B.1. Fuel-Cell Stack Model Data
Table B.1: Commercially available fuel-cell stack data

Company Model
Max.

Power

Mass

(dry)
Current Voltage

Cell

count
Length Width Height Volume

Operational

Pressure

[kW] [kg] [A] [V] [-] [mm] [mm] [mm] [L] [kPa]

Ballard FCvelocity-9SSL 3.8 6.2 300 12.9 N/A 92 760 60 4 N/A

Ballard FCvelocity-9SSL 4.8 6.8 300 16.1 N/A 104 760 60 5 N/A

Ballard FCvelocity-9SSL 10.6 10.2 300 35.4 N/A 174 760 60 8 N/A

Ballard FCvelocity-9SSL 14.4 12.1 300 48.2 N/A 220 760 60 10 N/A

Ballard FCvelocity-9SSL 17.3 14.3 300 57.9 N/A 255 760 60 12 N/A

Ballard FCvelocity-9SSL 21.2 16.6 300 70.7 N/A 302 760 60 14 N/A

Ballard FCgen-LCS 63.4 38.5 360 176 N/A 675 443 110 33 250

Ballard Fcgen-HPS 140 55 645 202 309 484 555 195 52 250

PowerCellution P Stack 75 29 450 167 275 420 395 156 26 N/A

PowerCellution P Stack 92 34 450 204 335 420 457 156 30 N/A

PowerCellution P Stack 115 40 450 256 419 420 545 156 36 N/A

PowerCellution P Stack 125 42 450 278 455 420 582 156 38 N/A

EKPO NMS-EVO 76 N/A 380 201 335 329 255 687 58 250

EKPO NM12 Single 123 N/A 570 215 359 402 287 700 81 250

EKPO NM12 Twin 205 N/A 570 359 598 472 437 640 132 250

Horizon VLS II Pro-110 110 43.32 217 200 334 557 425 150 36 150

Horizon VLS II Pro-132 132 49.36 206 240 400 656 425 150 42 150

Horizon VLS II Pro-165 165 58.36 195 300 500 806 425 150 51 150
Data compiled from: Ballard [89], PowerCellution [115], EKPO [116], and Horizon [117].
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B.2. Compressor Model Data
Table B.2: Commercially available fuel-cell compressor data

Company Model
FC power

range

Pressure

ratio

Mass

flow

Motor

power
Mass Length Width Height

[kW] [-] [g/s] [kW] [kg] [mm] [mm] [mm]

Rotex EK10 20-100 2.2 80 13 13 321 155 188

Rotex EK40 100-400 2.8 300 40 30 450 250 220

Fischer EMTC-150K Air 70 2.05 77 5.3 5 262 86 86

Fischer EMTC-120K Air 60-100 2.5 165 15 8 280 120 120

Fischer EMTC-90K Air 120-160 2.4 200 26.5 16 352 155 155

Celeroton CT-17-1000.GB N/A 1.65 24 1 1.5 183.4 90 90

Celeroton CT-25-10000.GB N/A 2.1 90 7 8.8 303 154 183

Celeroton CT-22-12000.GB N/A 2.1 140 12 10 311 154.4 191.5

Celeroton CT-2000 N/A 2.2 90 8 6.3 244 189 149

Celeroton CT-3000 N/A 2.6 155 19 18.5 370 192 215

Celeroton CT-3001 N/A 2.7 210 21 18.5 370 192 215

Enogia EFCC-90 30-55 2.8 90 7 5 190 185 185

Enogia EFCC-160 55-105 2.9 160 14 8 230 200 200

Enogia EFCC-220 105-190 3.6 220 25 12 280 230 230

Enogia EFCC-280 190-330 4.2 280 40 25 350 275 275
Data compiled from: Rotex [118], Fischer [119], Celeroton [120], and Enogia [121].

B.3. Humidifier Model Data
Table B.3: Commercially available fuel-cell humidifier data

Company Model
Fuel-cell power

(max.)

Air mass

flow
Mass Volume

Pressure

drop

[kW] [sLPM] [kg] [l] [kPa]

Fumatech H05 7 400 3 4 11

Fumatech H10 10 600 3 4 26

Fumatech H20 30 2500 5 7 7.5

Fumatech H50 70 4000 6 11 16

Fumatech H100 110 6000 7 13 16

Dpoint Ax100-65 20 1200 3 4.1 8.5

Dpoint Ax100-135 30 2000 4.2 5.9 7.7

Dpoint Ax100-187 40 3000 5.6 7.2 7

Dpoint Ax150-135 100 5000 8.4 13.2 17.4

Freudenberg FC HU-MG2-X 60 3000 7 9.32 11

Data compiled from: Fumatech [122], Dpoint [123], Freudenberg [124].
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(c) Electric propulsion motors
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(d) Battery power

Figure C.1: Power- versus wing-loading diagrams and design points for the Dornier Do 228-212 FC and its various powertrain
components
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(d) Battery power

Figure C.2: Power- versus wing-loading diagrams and design points for a widened cabin Fairchild Metro 23 FC (2+1 seating)
and its various powertrain components
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(d) Battery power

Figure C.3: Power- versus wing-loading diagrams and design points for the Embraer EMB 110P2 FC and its various
powertrain components
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C.2. Fuel Cell Aircraft Design Mission Trip Energy Cost
Table C.1: Mission energy cost estimation for nominal mission using conventional and fuel cell commuter aircraft

Mission (Trip) Energy Cost [€]

Low ∆conv. ∆SAF Base ∆conv. ∆SAF High ∆conv. ∆SAF

Dornier Do 228-212 FC

Class 2 626 +92% -20% 1040 +86% -13% 1720 +86% -16%

Class 2.5 629 +96% -19% 1095 +90% -11% 1811 +90% -14%

Class 2.5 & HSE 686 +93% -20% 1172 +87% -12% 1939 +88% -15%

Fairchild Metro 23 FC (2+1cab mod)*

Class 2 1290 +104% -15% 1867 +98% -7% 3090 +98% -10%

Class 2.5 1267 +92% -20% 1732 +86% -12% 2865 +87% -16%

Class 2.5 & HSE 1273 +100% -17% 1811 +94% -9% 2997 +94% -12%

BAE Jetstream 31 FC

Class 2 624 +88% -22% 836 +83% -14% 1383 +84% -17%

Class 2.5 633 +86% -23% 836 +82% -15% 1383 +82% -18%

Class 2.5 & HSE 497 +84% -24% 856 +79% -16% 1418 +80% -19%

Embraer EMB 110P2 FC

Class 2 164 +30% -46% 283 +27% -40% 469 +27% -43%

Class 2.5 171 +33% -45% 295 +29% -39% 488 +29% -41%

Class 2.5 & HSE 171 +33% -45% 294 +30% -39% 487 +30% -41%

*Cabin widening to 2+1 seating configuration was required to limit overall fuselage length allow for sizing convergence.
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C.3. Fuel Cell Aircraft Design Mission Energy GWP
Table C.2: Nominal mission energy GWP estimation using conventional and fuel-cell commuter aircraft

Mission Energy LCA GWP [kgCO2eq]

- DK Wind ES PV

Jet-A1 FC ∆J.−A1 PtL SAF ∆J.−A1 FC ∆J.−A1 PtL SAF ∆J.−A1

Dornier Do 228-212

Class 2 4152 202 -95% 1551 -63% 994 -76% 2884 -32%

Class 2.5 4238 203 -95% 1583 -63% 1000 -76% 2884 -32%

Class 2.5 & HSE 4599 222 -95% 1718 -63% 1091 -76% 3130 -32%

Fairchild Metro 23*

Class 2 6531 365 -95% 2440 -63% 1792 -73% 4445 -32%

Class 2.5 6410 333 -95% 2395 -63% 1635 -74% 4363 -32%

Class 2.5 & HSE 6444 354 -95% 2407 -63% 1739 -73% 4386 -32%

BAE Jetstream 31

Class 2 3561 162 -96% 1330 -63% 791 -78% 2455 -32%

Class 2.5 3607 160 -96% 1348 -63% 780 -78% 2395 -32%

Class 2.5 & HSE 3701 166 -96% 1383 -63% 807 -78% 2519 -32%

Embraer EMB 110P2

Class 2 2203 56 -97% 823 -63% 273 -88% 1499 -32%

Class 2.5 2236 55 -98% 835 -63% 268 -88% 1522 -32%

Class 2.5 & HSE 2256 56 -98% 843 -63% 273 -88% 1535 -32%
*Cabin widening to 2+1 seating configuration was required for the FC aircraft to limit overall fuselage length allow for sizing convergence.

C.4. Sensitivity Analysis
C.4.1. MTOM Sensitivity to Mission Parameters
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Figure C.4: Do 228-212 FC MTOM sensitivity to mission parameters
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Figure C.5: Metro 23 FC MTOM sensitivity to mission parameters
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Figure C.6: EMB 110P2 FC MTOM sensitivity to mission parameters
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C.4.2. MTOM Sensitivity to Powertrain Parameters
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Figure C.7: Do 228-212 FC MTOM sensitivity to powertrain parameters
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Figure C.8: Metro 23 FC MTOM sensitivity to powertrain parameters
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Figure C.9: EMB 110P2 FC MTOM sensitivity to powertrain parameters

C.4.3. Mission Energy Sensitivity to Mission Parameters
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Figure C.10: Do 228-212 FC mission energy sensitivity to mission parameters
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Figure C.11: Metro 23 FC mission energy sensitivity to mission parameters
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Figure C.12: EMB 110P2 FC mission energy sensitivity to mission parameters
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C.4.4. Mission Energy Sensitivity to Powertrain Parameters
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Figure C.13: Do 228-212 FC mission energy sensitivity to powertrain parameters
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Figure C.14: Metro 23 FC mission energy sensitivity to powertrain parameters
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Figure C.15: EMB 110P2 FC mission energy sensitivity to powertrain parameters
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