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Abstract: The growing concern about climate change and the contemporary increase in mobility
requirements call for faster, cheaper, safer, and cleaner means of transportation. The retrofitting
of fossil-fueled piston engine ultralight aerial vehicles to hydrogen power systems is an option
recently proposed in this direction. The goal of this investigation is a comparative analysis of the
environmental impact of conventional and hydrogen-based propulsive systems. As a case study, a
hybrid electric configuration consisting of a fuel cell with a nominal power of about 30 kW, a 6 kWh
LFP battery, and a pressurized hydrogen vessel is proposed to replace a piston prop configuration
for an ultralight aerial vehicle. Both power systems are modeled with a backward approach that
allows the efficiency of the main components to be evaluated based on the load and altitude at every
moment of the flight with a time step of 1 s. A typical 90 min flight mission is considered for the
comparative analysis, which is performed in terms of direct and indirect emissions of carbon dioxide,
water, and pollutant substances. For the hydrogen-based configuration, two possible strategies are
adopted for the use of the battery: charge sustaining and charge depleting. Moreover, the effect of the
altitude on the parasitic power of the fuel cell compressor and, consequently, on the net efficiency of
the fuel cell system is taken into account. The results showed that even if the use of hydrogen confines
the direct environmental impact to the emission of water (in a similar quantity to the fossil fuel case),
the indirect emissions associated with the production, transportation, and delivery of hydrogen and
electricity compromise the desired achievement of pollutant-free propulsion in terms of equivalent
emissions of CO, and VOCs if hydrogen is obtained from natural gas reforming. However, in the
case of green hydrogen from electrolysis with wind energy, the total (direct and indirect) emissions of
CO; can be reduced up to 1/5 of the fossil fuel case. The proposed configuration has the additional
advantage of eliminating the problem of lead, which is used as an additive in the AVGAS 100LL.

Keywords: hydrogen propulsion; fuel cell; balance of plant; indirect emissions; ultralight aviation

1. Introduction

The air transport industry plans to become carbon neutral by 2050 by eliminating
fossil-fuel-burning engines in all transportation categories [1,2]. Fossil fuels derived from
petroleum are commonly used in aerospace propulsion; in particular, kerosene and Avgas
(aviation gasoline) are burned in turbine and piston engines, respectively. Small piston
aircraft represent a small part of the overall airspace, and for this reason, they are often
neglected in regulatory emissions control. However, since the environmental impact of
large commercial engines has decreased in recent years, it has become important to assess
the contribution of piston aircraft too [3,4].

Avgas 100LL, commonly adopted in ultralight aviation, produces 3.05 kg of CO, [5]
per unit weight of fuel used and several pollutant emissions, including NO,, HC, and
CO, as outcomes of the internal combustion processes. Moreover, it contains a lead-based
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anti-knock compound to achieve the desired octane rating for piston engines, which causes
damage to human health and the environment [6,7].

To reduce the environmental impact of aviation, fully electric aircraft powered by
batteries have been proposed, but their actual application is limited to Unmanned Aerial
Vehicles (UAVs) and short-haul vehicles for Urban Air Mobility. In fact, this solution cannot
be adopted for general aviation because of the limited specific energy of today’s batteries,
which, in turn, limits the flying time.

Hydrogen has the potential to solve the problem of reducing the environmental impact
while guaranteeing longer endurance than battery-based electric propulsion systems [8].
It can be used as a replacement for kerosene in turbine engines or feed fuel cells in place
of piston engines in small airplanes. Fuel cells are electrochemical devices that convert
the chemical energy of a fuel, often hydrogen, into electric energy with different possible
technologies, among which PEMFCs (Proton Exchange Membrane Fuel Cells) are the most
commonly adopted in transportation systems thanks to their relatively higher specific
power. PEMFCs have the advantage of higher efficiency than thermal engines and produce
only water and heat as by-products, while burning hydrogen in internal combustion
engines inevitably generates harmful emissions of nitrogen oxides. Moreover, they are
silent and low-vibration devices [9,10].

PEMEFC power systems have been proposed for all sizes of aerial vehicles, from small
UAUVs to commercial flights. This investigation focuses on ultralight aviation, where only
a few research projects have been carried out in the recent past for the development of
hydrogen-based propulsion systems (see Table 1). In these projects, fuel cells are always
combined with batteries in hybrid electric configurations. In fact, fuel cells are penalized in
terms of power density when compared with batteries and, in particular, with NMC and
LFP lithium batteries, while the energy density of compressed hydrogen is much higher
than the Wh/kg that can be achieved by lithium batteries.

Another critical aspect of the application of fuel cells to the aerospace field is the control
of temperature. The fuel cell stacks adopted in these projects are usually liquid-cooled. This
allows more efficient control of temperature, but at the expense of a higher mass, volume,
and complexity of the Balance Of Plant (BOP) than in air-cooled configurations [11]. In the
Antares and HY4 projects, the adoption of air-cooled High-Temperature Proton Exchange
Fuel Cells (HTPEMFCs) is proposed to simplify the BOP.

Table 1. List of projects adopting PEMFCs for manned aerial vehicles.

Project Aircraft MaxTekeOff FC Power Stack Cooling Hydrogen Storage Source
Weight
Boeing Phantom Motor glider 770 kg 20 kW Liquid-cooled Pressurized at 350 bar [12]
ENFICA-FC Ultralight 554 kg 20 kW Liquid-cooled  Pressurized (no details) [13]
Sigma-4 Ultralight 650 kg 35 kW Liquid-cooled = Pressurized (no details) [14]
Antares DLR-H2 Motor glider 825 kg 3 x 10 kW Alr-.cooled VS Pressurized at 350 bar [15]
liquid-cooled

H2fly Pipistrel HY4 2016 4 pax 1500 kg 4 x 10 kW Air-cooled Liquefied [16]

Regarding hydrogen storage, pressurized vessels are generally adopted. Unfortunately,
it was not possible to find many details about the specifications of the proposed power
systems of these prototypes and, in particular, the storing pressure. However, it can be
assumed to vary between 20 MPa and 70 MPa [17]. Liquefied hydrogen solutions are
adopted in larger aircraft (see, for example, H2Fly by Pipistrel) [16].

Unlike hydrogen cars, fuel cell-powered aircraft are still at an early research and
development stage [18] also because of the lack of a hydrogen infrastructure; therefore, it
is not yet possible to assess the economic viability of such power systems for aerospace
applications. In a previous investigation by the authors [19], the estimated cost for the
replacement of a Rotax 912ULS (which costs about kKEUR 26 according to [20]) with a hybrid
electric power system with a fuel cell is about kKEUR 100.
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This investigation is performed in the framework of the SERENA project, whose goal
is the development of a full-electric modular powertrain for general aviation, integrating
batteries and hydrogen fuel cell technology. Modularity offers scalable solutions within
a reasonable range of propulsive power, accommodating varying operational needs and
potential future adaptations. The partnership of the SERENA project includes the Aerospace
Technologic District (DTA-Scarl), EnginSoft Spa, Novotec S.R.L., and the University of
Salento. The main activities of the project comprise the following:

1.  The development of a modular hybrid electric powertrain with fuel cells;

2. Estimate of environmental benefits in terms of greenhouse and pollutant gas emissions;

3. The design, assembly, verification, and validation of a scaled demonstrator (one mod-
ule of the whole power system);

4. Bench testing the propulsion system demonstrator;

5. The development of a digital twin of the full-scale power system validated on the
physical mock-up;

6.  Virtual integration of the hydrogen power system on aircraft;

7.  The definition of requirements and analysis of challenges in terms of safety and
certification of the propulsion system, with particular reference to the use of hydrogen
as the main energy carrier.

This investigation addresses item 2 based on the preliminary design of a modular
hybrid electric powertrain developed in a previous investigation [19].

The environmental benefit of utilizing fuel cells over conventional fossil fuels and
battery-based power systems is not a novelty in the scientific literature, especially for road
transportation [21].

Calisir [22] performed a LCA analysis of a hydrogen hybrid electric system with fuel
cells versus a lithium polymer battery drive system for a fixed-wing unmanned aerial
vehicle. Calisir found that emissions of carbon dioxides are reduced by 6.95% with the
adoption of the fuel cell configuration. In particular, a configuration with a PEM fuel cell
was found to guarantee a lower takeoff weight and life cycle cost than a pure battery power
system for flight endurance between 40 min and 2.1 h [23]. However, the LCA analysis in
these studies was performed for GHGs only.

However, the scientific literature on the use of hydrogen in ultralight aviation, a
detailed analysis of saved greenhouse gases (GHGs), and pollutant emissions in ultralight
aviation are missing to the best of the authors” knowledge. To fill this gap, the authors
applied the emission factors retrieved in the scientific literature for both gasoline and
hydrogen fuels to a specific test case related to ultralight recreational aircraft. In particular,
the retrofitting of the Novotech Seagull from a conventional powertrain consisting of a
Rotax 912UL engine fueled with Avgas 100LL to a hybrid fuel cell-battery power system is
addressed in this paper. The scientific contribution is given by the detailed analysis of the
energy flows in the different phases of the mission and the estimation of direct and indirect
emissions saved with the retrofitting per single mission.

This paper is structured as follows: Section 2 describes the Seagull aircraft and the
modeling approach used for the original and hydrogen-based power systems. Section 3
explains how direct and indirect emissions are computed for the two power systems. The
results of the computations in terms of energy flows and pollutant emissions are presented
and discussed in Section 4.

2. Reference Aircraft and Energy Flow Analysis

The Seagull is a two-seat high-wing amphibian vehicle equipped with a piston prop
configuration (Figure 1). The main specifications of the aircraft and its propulsive system
are shown in Table 2 for the original configuration.
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Figure 1. The Novotech Seagull.

Table 2. Technical specifications of the Seagull.

Parameter Value
Wingspan 10.5m
Wing area 13.5 m?
Max gross weight 700 kg
Maximum zero fuel weight 650 kg
Maximum baggage weight 20 kg
Pay weight 80 kg
Power loading 6.5 kg/HP
Engine Rotax 912UL
Fuel tank capacity 70 L (50 kg)

The polar of the Seagull, i.e., the correlation between the drag coefficient cp and the
lift coefficient ¢y, is shown in Figure 2.

&

Figure 2. The polar of the Seagull.

The mission considered in this investigation consists of six phases, as shown in Figure 3,
with a maximum flight altitude of 1830 m (6000 ft). The specifications of the mission are
reported in Table 3; more details about the choice of this mission can be found in [24].
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Figure 3. The flight envelop of the proposed mission.
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Table 3. Specifications of the mission.

Parameter Value
Pitch setting 18.5°
Lift-off speed 25m/s
Rate of climb 1 42m/s
Rate of climb 2 5.87m/s
Rate of descent 3.03m/s
True air speed 41.7m/s
Altitude of cruise 1/cruise 2 2500 ft/6000 ft
Total flight time 90 min

An adjustable pitch propeller (a three-blade DUC Helices Flash with a diameter of
1.52 m) was adopted in both configurations.

The efficiency map of the propeller is displayed in Figure 4, where | = Veo/1prop Dprop
is the advance ratio calculated from the values of true airspeed V., air density p, propeller
speed in rps, 11prop, and propeller diameter Dpyop.
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Figure 4. The efficiency map of the propeller.

2.1. Propulsive Power

The takeoff phase is simulated with a forward approach, with the engine (original
configuration) or motors (new power system) working at their maximum power. The
average thrust is used to calculate the acceleration during the takeoff phase. The result-
ing takeoff time is 60 s for the original configuration and less than 10 s for the hybrid
electric configuration.

The simulations were performed with an in-house simulation code named PLA.N.E.S. [25],
developed by some of the authors and implemented in Matlab R2023b. This software tool
is based on a backward simulation approach, where the mission envelope is discretized
with a time step of 1 s. The flight envelope in Figure 3 and the specifications in Table 3 are
used to calculate the forces acting on the plane in each phase of the mission by applying the
standard equations of aerodynamics [26]. In particular, the thrust force is used to calculate
the propulsive power Py, and the advance ratio | for the propeller model. By using the
propeller efficiency map (Figure 4), the brake power is calculated. This is the input to the
power system models described later for the conventional and hydrogen hybrid electric
power systems.

Using the efficiency map of the propeller, it is possible to obtain the values of pro-
peller efficiency and speed in the six phases of the mission and, therefore, the request of
mechanical power P, at the propeller axis:
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P
prop (1)
Hprop (npropr ”‘pitch)

P mech =

where ;¢ is the selected pitch angle (18.5° in this investigation).
The method is summarized in Figure 5 and explained in detail in [27].
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Figure 5. Backward simulation approach.

The values of propulsive power and propeller advance ratio, calculated with the
proposed method in the six phases of the mission, are shown in Table 4.

Table 4. Propulsive power and propeller advance ratio (original/new power system).

Time Propulsive Power Propeller Advance Propeller

Original/New Original/New Ratio Efficiency
S kW - %
Takeoff 60/10 46/82 0.35 58
Climb 1 206 45.5 0.72 85
Cruise 1 670 21.5 0.82 71
Climb 2 206 54.7 0.66 89
Cruise 2 3579 21.5 0.82 71
Descent 684 4.3 1.1 54

2.2. Energy Flows in the Original Configuration

In the original power system, the mechanical power P, is generated by a Rotax
912UL piston engine, which is connected to the propeller through a transmission ratio
equal to 2.43 (see Figure 6).

engine

Figure 6. Original power system.
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The engine has a nominal power of 73.5 kW at 5800 rpm. The Wide-Open Throttle
(WOT) torque curve and the fuel efficiency map of the engine, shown in Figure 7, were
obtained by using the data of the manufacturer at full throttle and along the propeller
line [27,28]. More details on how the map was obtained can be found in [29]. Since the
performance of the engine is affected by the altitude, the figure shows the WOT at sea
level and the maximum altitude achieved in the proposed mission at cruise 2 (6000 ft). The
working points of the engine in the six phases of the mission are reported as red circles. As
shown in [17], up to 6000 ft, the engine efficiency is weakly affected by the altitude, so this
effect is neglected in the present investigation.
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Figure 7. Wide-open throttle torque and efficiency map of the Rotax 912ULS [29] with working points
during the mission.

Using the efficiency map in Figure 7, the fuel flow rate FFR is computed as follows:

P ice

FFR = ——————
Uice(nice>LHV

)

where 7;c. (11, ) is the engine efficiency obtained from Figure 7 for each working point. LHV
is the lower heating value of Avgas100LL (43.5 M]/kg), and Pj, is the engine brake power.

2.3. Energy Flows in the New Power System

In the hydrogen hybrid electric power system, the same propeller is assumed to be
connected to two twin electric motors with a gear ratio of 2. The EMRAX228 electric motor
(EMRAX, Kamnkik, Slovenia) presents the efficiency map in Figure 8 that was obtained
from the manufacturer.

The electric power request of the motor is supplied by the fuel cell and the battery
(Figure 9).

The adoption of hybrid electric configurations also allows for safer operation thanks
to the possibility of completing the mission with the battery in case of fuel cell failure (or
engine failure). This is particularly critical in ultralight aviation, where single-engine prop
systems are adopted, and this causes a high number of (generally deathly) accidents caused
by engine failure [29]. On the other hand, the use of hydrogen introduces critical safety
issues that are to be solved by an accurate design and control of the hydrogen vessel [30]
and of the whole hydrogen path. This analysis is included in the activities of the SERENA
project and will be considered in future investigations of the partnership.



Energies 2024, 17, 3272

8 of 24

efficiency
250 T — = . —continuos torque
: = =peak lorque

200

Torque (Nm)
o
o

(=]
(=]

50 *

0 1000 2000 3000 4000 5000
Speed (rpm)

Figure 8. Performance curves and efficiency map of the electric machine (digitalized from the manual).

o
1O
I :

7]
5]
=
=]
¢

Electric
load

1 |
battery

Figure 9. Hydrogen power system.

A careful analysis of the Seagull architecture was performed in [24] to obtain feasible
values of the total mass and volume of the proposed power system, which were found to
be 200 kg and 200 L, respectively, for the whole system.

The use of the battery in the mission is regulated by a very simple rule-based Energy
Management Strategy (EMS). The battery is used when the mission requirement exceeds a
threshold level for the fuel cell. Note that the battery can be charged in the last phases of
the mission to achieve a Charge Sustaining (CS) behavior and avoid the need to charge the
battery between two consecutive flights. However, a charge-depleting approach can also
be adopted.

The three main components of the new power system, namely the fuel cell system,
the battery, and the hydrogen vessel, were sized in a previous investigation [19,24] with
a procedure aimed at minimizing the mass and volume of the new power system. For
the hydrogen vessel, the storing pressure determines a tradeoff between the occupied
volume (which decreases with pressure) and the cylinder thickness and weight (because
of the need to withstand a higher gas pressure). Since the occupied space of the power
system was found to be the most difficult goal to achieve [19,24], a high hydrogen pressure
(700 bar) was preferred for this investigation. However, the 350-bar solution is also under
consideration in the project.

In that investigation, two optimal configurations were identified with (CS) and without
(CD) battery charge during the flight. Their specifications are summarized in Table 5.

In this investigation, a configuration with two twin modules able to perform both CS
and CD operations has been adopted. The modular structure for a fuel cell system (MFCS)
has the advantage of meeting the demands of diversification applications, especially high
power demands (>200 kW), providing more redundancy than a single fuel cell system
(SECS) [31-33]. This redundancy can be applied to enable the degraded mode operation,
reduce the hydrogen consumption, act on the aging, and increase the reliability. Moreover,
modularity allows a longer lifetime than a SFCS and higher efficiency because the MFCS
can provide several optimal powers through different distribution possibilities [34]. On the
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other hand, the cost of the PEM MFCS is one of the core barriers to commercialization appli-
cations and, there are some challenges to practical applications in terms of the complexity
of the BOP [34].

Table 5. The results of the design procedure performed in [24].

CD (w/o Onboard Battery Charge) CS (Full On-Board Charging)

FC size (kW) 32.5 35.7
Battery size (kWh) 59 5
Tank volume (L) at 700 bar 57.4 65.4

2.3.1. The Fuel Cell Model

For each module, the consumption of hydrogen is calculated with a simple model
based on the performance data of the stack and compressor qualitatively reported in
Figure 10 because of a confidentiality agreement with the fuel cell manufacturer.

Stack voltage (V)

—Stack performance curve @ lsentropic Efficiency
* Operating points + Operating points
o
©
o -
=3
W
%]
o
o
Stack current (A) Corrected mass flow rate (kg/s)
(a) (b)

Figure 10. Operating points of fuel cells and compressor (red circles) at a constant net power (15 kW)
when the altitude z is increased from 0 to 2000 m on (a) the performance curve of the stack and (b) the
performance map of the compressor.

The gross power of the stack is given as follows:
Pst = Vst(Ist)'Ist (3)

where Vj; is the stack voltage, which is calculated from the stack current I;; by digitalizing
the curve of Figure 10a.
The parasitic power of the compressor is calculated by neglecting air humidity and

modeling dry air as an ideal gas:
k=1
pe \ F _
[ ( Pa(2) ) 1]

Nc

where T;(z) and p,(z) are the temperature and pressure of atmospheric air at altitude (z),
respectively. G, is the mass flow rate of air to the cathode, c, and k are the specific heat at
constant pressure and the ratio of specific heats, respectively. . is the compressor efficiency,
inclusive of isentropic efficiency, mechanical efficiency, and the electric efficiency of the
motor. The isentropic efficiency is calculated from the compressor map (Figure 10) as a
function of the pressure ratio, corrected mass flow rate, and compressor speed. The last
two contributions were assumed to be load-independent.

pcomp = GaircpTa (Z) 4)
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The air usage G, is a function of the stack current [35]:
Gair = 3.57-1077 Agiystack Ne 5)

where N, is the number of cells in the stack and A,;, is the stoichiometric ratio assumed
constant and equal to 2 in this investigation.
To enter the compressor map, the corrected mass flow rate is calculated as follows:

— ) ﬂ Tamb(z)
GCOVV - Gul}’p(z) TO (6)

Similarly, the water production is given as follows:
Ghy0 = 9:34:107% Ipe Ne ?)

A secondary contribution to parasitic power is given by the liquid cooling circulation
pump that was assumed to require a constant power of Py, equal to 100 W.

At each time of the mission, the model calculates the stack current required to achieve
the desired power in each phase of the flight by solving the following equation:

Vst(Ist)'Ist - Pcomp(lstlz) - Ppump = Pfc(i/z) 8)

where Pf(i,z) is decided by the energy management strategy of the hybrid electric
power system.

The ambient temperature and pressure at altitude z are computed with the Interna-
tional Standard Atmosphere (ISA) model:

Tomp(z) = To— 652 9)

7 5.2561
Pamb(z) = Po (1 - 6'5T> (10)
0

where Ty = 288.15 K, pp = 1.013 bar, and z is the altitude in meters.

In the fuel cell modules adopted in this investigation, the effect of altitude on the stack
performance curve can be neglected since the balance of plant includes a compressor that
ensures a constant cathode pressure p. and the flow rate of Equation (5). This is achieved
by controlling the rotational speed of the compressor. However, the increase in altitude
determines a higher parasitic power and, therefore, an increase in the stack current to match
the desired value of Pf.(i,z).

To show how the model captures the effect of altitude, the operating points of the
stack and the compressor with a constant request of power (15 kW per module) are shown
in Figure 10. The altitude is varied from 0 m to 2000 m.

When the altitude increases, to achieve the same cathode pressure, the pressure ratio
must be increased. This explains why the operating point of the compressor moves toward
the top of Figure 10b. The parasitic power of the compressor increases because of the
increased pressure ratio and decreased efficiency.

Moreover, the corrected mass flow rate also grows because the increase in % is higher

than the decrease in the term in Equation (6). For this reason, the operating point
of the compressor moves to the left in Figure 10b.

To overcome the increased parasitic power with the same net power, the stack current
must increase, causing a reduction in the voltage (Figure 10b) and in the gross efficiency of
the stack.

The plot in Figure 11 shows that by increasing the flight altitude from 0 to 2000 m, the
parasitic power of the compressor increases from 8.8% at sea level to 12.7% at 2000 m of the
gross power. This result is coherent with the reduction in efficiency and net fuel cell power
reported in the scientific literature [36].

Tamp (Z)
T
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Figure 11. The percentage contribution of the compressor parasitic power to the net and gross power
of the fuel cell.

Note that the proposed simplified model does not take into account that the voltage—
current curve of the stack is influenced by a certain number of factors, including the stack
temperature and the humidity that can be affected by the altitude too. Moreover, the
cooling system is assumed to be able to maintain the temperature of the stack at a constant
value with the same parasitic power. Finally, the pressure losses in the cathode line are
neglected. The level of the analysis, however, is suitable, in the opinion of the authors, for
the analysis here described and in relation to similar works in the literature [11].

2.3.2. The Battery Model

Given the battery power requirement at each time step, 4, the battery current, I, can
be calculated by solving the following equation:

Pyart () = [OCV(SOC) — Ri-Ipaps ()] -Tpart (1) (11)

where OCV is the open circuit voltage that depends on the amount of charge in the battery
(SOC or State of Charge). The internal resistance R; depends on the SOC and temperature
but can be considered constant in the normal range of variation of these parameters and
calculated from the battery datasheet [37]. The state of charge is upgraded at any time
during the mission as follows:

o N Ibatt (t)
SOC(h) = SOC;,, — 100; c (12)
where SOC;, is the battery state of charge at the beginning of the mission; C is the nominal
capacity of the battery; and N is the total number of time steps (length of the mission). By
integrating the battery power, the total electric consumption of the mission Ety+ was obtained.

3. Environmental Impact Estimate

The environmental impact can be analyzed at different levels. In this investigation, we
will define a direct or Tank-to-Wake (TTW) impact on the emissions produced during the
operational phase of the aircraft. The emissions associated with the extraction, transportation,
and storage of the energy carriers are included in the Well-to-Tank (WTT) impact.

In the original configuration, the combustion of Avgas determines the direct emission
of several GHGs (CO, and H,O) and pollutant substances, among which HC, CO, NOy,
and particulate matter are the most relevant. Indirect emissions are also generated in the
production from crude oil and in the transportation and delivery of the fuel.



Energies 2024, 17, 3272

12 of 24

Hydrogen fuel cell systems are generally considered as net zero carbon emission
power sources. However, this is only true if the analysis is limited to direct emissions [8].
In fact, one of the main challenges of adopting fuel cells in transportation is the hydrogen
production process which can generate a very high Well-To-Wake (WTW) environmental
impact. Moreover, in the case of compressed hydrogen vessels, a large consumption of
energy is associated with the compression process [10].

From an even broader perspective, a life cycle assessment (LCA) approach should be
adopted to consider emissions caused by the manufacturing and disposal of all the compo-
nents of the power systems. The LCA impact of the fuel cell stack and hydrogen cylinder
strongly depends on the catalyst type and load and the materials used for the vessel [18,38].
Therefore, it is difficult to estimate it at the preliminary design stage. Moreover, this study
focuses on the energy conversion processes, not on the manufacturing and disposal aspects.
Therefore, a complete LCA analysis of the vehicle or the power system is out of scope but
will be performed once the detailed project of the power system is complete using available
databases like Greet and Gibi, as proposed by Morales et al. [39].

3.1. Direct or Tank-to-Wake Emissions

Direct emissions depend on the emission indexes and the power states of the engine
in the six phases of the mission considered in this investigation. The emission indexes
measure the amount of a pollutant that is emitted per kg of fuel burned.

3.1.1. Original Configuration
For greenhouse gases, the emission factors for carbon dioxide and water vapor could
be found by using mass balance in the complete combustion processes of a hydrocarbon
with a value of H/C ratio a = 2.32 for Avgas [3]:
a a
CHy + (14 3)02 — COz + 5 Hr0 (13)

where a is the hydrogen-to-carbon ratio of the fuel.

Elco, = Mery (14)
a My,o0
Elpg,o0 = E@ (15)

Note that Equation (13) includes the case of hydrogen for a — . Mco,, Mpy,0, and
Mcp, are the molar masses of carbon dioxide, water, and hydrocarbon fuel, respectively.

According to [40], a more realistic mass balance should also include CO, SOx, NOx,
HC, and soot. While in engines for ground transportation, the mass fraction of such
species is quite negligible, in aerospace piston engine combustion is far from ideal, and a
large part of fuel carbon is converted into CO and THC (total hydrocarbon) also because
of the adoption of a rich fuel mixture. To account for this effect, a carbon fraction can

be considered:
CO,

total C

Yacovitch et al. [3] estimated, for piston engines, a carbon fraction between 0.4 and 0.5,
which is much lower than the carbon faction of either turbofan and engines for ground
vehicles. The values of the pollutant emission indexes for the Rotax 912ULS proposed by
Yacovitch et al. [3], reported in Table 6, are used in this investigation.

Another detrimental effect of using aviation gasoline in the original configuration is
the emission of lead. According to [6], 100 Octane Low Lead AVGAS (100LL) emits up to
0.56 g of lead per liter of fuel.

COgcarbon fraction = (16)
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Table 6. Emission intensity (EI) factors [3].
CO, H,O0 HC (ef0) NOy PM

Unit kg/kg fuel  kg/kgfuel  g/kg fuel g/kg fuel g/kg fuel g/kg fuel
Takeoff 1.54 1.458 79 808 48 0.292
Climb 1.54 1.458 79 808 48 0.292
Cruise 1.54 1.458 70.7 795 6.6 0.393
Descent 1.54 1.458 78.9 1062 1.2 0.205
Taxi 1.54 1.458 87.8 819 45 0.307
Idle 1.54 1.458 100.9 816 1.6 0.104

3.1.2. Hydrogen Hybrid-Electric Power System

The electrochemical reaction taking place in a fuel cell produces only water as a
byproduct. The amount of water produced can be calculated by using Equation (7).

3.2. Indirect Emissions (Production, Compression, and Delivery)

Indirect emissions are associated with the production, compression, and delivery of
the energy carriers, namely gasoline for the original configuration, hydrogen in the hybrid
electric configuration with the CS operation, and hydrogen and electricity in the case of the
CD operation for the new powertrain.

3.2.1. Gasoline vs. Hydrogen

The indirect emission factors of hydrogen estimated by Granovskii et al. [10] were
converted into g/kg of fuel and collected in Table 7.

Table 7. Greenhouse gases and pollutant emissions associated with different hydrogen production
technologies, inclusive of hydrogen transportation, compression, and delivery compared with gaso-
line production and delivery [10]. The contribution of hydrogen compression at 200 bar is reported
between square brackets.

Gasoline from Natural Gas Electrolysis from Electrolysis from
Crude Oil Reforming Wind Energy Solar Energy

GHGs (kg/kgfuel) 0.53505 10.2 247 3.67
[from Hj compr.] ’ [0.71] [1.64] [1.64]
NOx (g/kg fuel) 9.12 2.04 3.00

[from Hp compr.] 0.002784 [0.0006] [0.0001] [0.0001]
VOCs (g/kg fuel) 6.72 0.16 0.24

[from Hp compr.] 0.001044 [4.6 x 105! [0.00136] [0.00136]
CO (g/kg fuel) 3.96 1.68 2.52

[from Hp compr.] 0.000522 [0.0005] [0.0001] [0.0001]

Note that these values include the operational energy for installation, maintenance,
and operation of the power plant in the case of hydrogen produced by electrolysis that
is assumed to take place at fueling stations. For hydrogen produced by reforming from
natural gas, hydrogen delivery to fueling stations is accounted for, together with natural
gas pipeline transportation. For gasoline, the values proposed by Granovskii et al. include
crude oil pipeline transportation and distillation and gasoline delivery to fueling stations.
Note that the emission factors for VOCs reported by Furuholt [41] for gasoline production
with a life cycle assessment method are eight times higher than that calculated by Gra-
novskii et al. but still negligible when compared with the values obtained for hydrogen,
especially in the case of natural gas reforming.

In the case of the production of hydrogen from natural gas, a large contribution to
emissions is due to pipeline transportation, including compressor stations, independently
from the production process.
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For hydrogen produced with renewable energy, GHG emissions are mainly due to
hydrogen compression. For the other emissions, the contribution of hydrogen compression
is negligible, as shown in Table 7.

The values of indirect emissions estimated by Granovskii et al. [10] and reported in
Table 7 refer to a storing pressure of 200 bar. From Equation (4), the electric consumption
associated with the compression of hydrogen can be assumed to vary with pressure with a

k-1
factor { By —1 |, where By, is the hydrogen pressure ratio and k is the specific heat ratio

of the gas (1.41 for hydrogen). Therefore, the emission factors for GHGs at 350 bar and
700 bar can be obtained by multiplying the values at 200 bar by 1.22 and 1.55, respectively
(see Figure 12). The value of 350 bar as hydrogen pressure is the most frequently adopted
for similar applications (see Table 1), while 700 bar is the value selected for the proposed
hybrid electric configuration [19].

-

o N A O 0O O N

200 bar

m 350 bar
. m 700 bar

Natural Electrolysis Electrolysis
Gas from wind from solar
reforming  energy energy

GHGs [kg/kg fuel]

Figure 12. The effect of hydrogen pressure storage on the emission indexes of GHGs.

3.2.2. Electricity

For the indirect environmental impact associated with the charging of the battery in the
case of the CS operation, the European electricity mix is considered in this investigation [42].

In Europe, the emissions for the overall production of electricity reached 296 g of CO,
equivalent per kilowatt hour (g CO,eq/kWh) in 2019, with 251 g COzeq/kWh caused by
fuel combustion, 36 g COzeq/kWh associated to upstream fuel supply, and 9 g COzeq/kWh
tied to the construction and decommissioning of electricity plants. [43]. Note that this value
decreases in time thanks to the larger exploitation of renewable energy sources. In 2009, a
value of 540 g CO,eq/kWh was reported in the scientific literature [42].

A complete analysis of the indirect emissions of pollutant substances requires a lot of
details on the overall electricity production system [44]. The European mix for electricity
production in 2022 (see Figure 13) was adopted in this investigation. It was obtained by
using the Greet©2023 model developed by the US Department of Energy [45].

15% A
% Coal
9% Natural Gas
Nuclear
6% Biomass
21% Hydroelectric
Wind

27%

Figure 13. European mix for electricity production.

The emissions indexes for the European mix calculated with Greet©2023 are reported in
Table 8. They are inclusive of losses in electric transmission and distribution in Europe [46].
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Table 8. Greenhouse gases and pollutant emissions associated with electricity production and
distribution (in 2022).

European Mix

GHG (kg/kWh) 0.337
NOx (g/kWh) 0.3046
VOCs (g/kWh) 0.0393

CO (g/kWh) 0.2136

3.3. Overall Emissions

The WTW, or overall emissions, are obtained by summing the TTW and WTT contribu-
tions for equivalent CO; and pollutant emissions like NOy, CO, and particulate matter. For
the scope of this analysis, the direct emissions of HC and the indirect emissions of VOCs
are summed to obtain the overall VOCs, even if the HCs from combustion also include
non-volatile components.

4. Results

The results of the investigation include a detailed analysis of fuel consumption in the
different phases of the flight and the computation of direct and indirect emissions of the
two power systems.

4.1. The Consumption of Fuel and Electricity

This section reports the results of the model explained in Section 2 in terms of the
consumption of fuel and electricity for the original and new configurations, separately.

4.1.1. Original Configuration

The results of the energy computations for the original configuration with a gasoline
engine are summarized in Table 9 in terms of the engine speed and fuel flow rate. The values
of the FFR are also reported in Figure 14, together with error bands that represent the mini-
mum and maximum values of the FFR for the same engine in the scientific literature [3,47].
Such error bands are reported as a validation of the proposed simulation approach.

Table 9. Engine and propeller operating points vs. flight phase.

% of Engine Speed FFR (kg/h)
Takeoff 100% 25.8
Climb 1 82% 18.5
Cruise 1 71% 13.6
Climb 2 89% 214
Cruise 2 71% 13.6
Descent 54% 6.7
30 r
S 25
2 20 i E
o " =
S 15 E = =
2 [ = = =
2 10 = E % = %
0 F = = = = = =
N 0 2 9 2 X
9) & . & o
@,\9 c}\é\ o‘\)\ c}\é\ é\)\ b&o‘z’

Figure 14. Estimated values of the fuel flow rate, with the error bands (red lines) showing the range
of values found in the scientific literature for the same engine [3,47].
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The overall consumption of Avgas in the reference flight is 14.4 kg (20 L).

4.1.2. The New Power System

The plots in Figures 15 and 16 show the flight envelope of battery electricity content
and hydrogen flow rate as calculated with the proposed model in the case of charge-
depleting (left) and charge-sustaining (right) energy management. Thanks to the modular
nature of the fuel cell systems, both modules are used only when the required power
exceeds an upper threshold power (takeoff and climb). In the other phases of the mission,
the fuel cell power is obtained as the sum of the electric power demand and the selected
charging power for the battery, which was zero for the CS strategy.

200 ———— 200 ——
---Propeller (brake) ---Propeller (brake)
— Total Electric —Total Electric
— Battery | — Battery
150 Fuel cell 150 Fuel cell
—Compressor —Compressor
5100 5100 i
g [ g [
g ] 3 i
o 50 | 1 S 50 1
0 0]
-50 I I I -50 I I |
0 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min)
(a) (b)
Figure 15. Power requirements during the flight envelop: (a) charge depleting and (b) charge sustaining.
100 ' w 5 100 w 5
80 4 80 4
S £ 9 3
e S — >
B 60 3= B 60 3=
i o @ 1
& 5§ L
EJ‘ 40 28 EJ‘ 40 238
8 8 o
20 1 20 1
0 ' ' : 0 0 : ‘ : 0
0 20 60 80 100 0 20 40 60 80 100
Time (min) Time (min)
(a) (b)

Figure 16. Consumption of hydrogen and battery energy: (a) charge depleting and (b) charge sustaining.

Figure 15 reports how the power request is satisfied by the two energy sources and
shows the auxiliary power as well. The difference between the CD and CS behavior is
particularly evident in the last part of the mission (descent), where the fuel cell generates a
high surplus of power to charge the battery. However, a minor surplus of power is also
generated in the two cruise phases. The effects on the battery energy and hydrogen flow
rate of the proposed energy management strategies are shown in Figure 16. Of course, the
CS operation is obtained at the expense of a higher consumption of hydrogen. The overall
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T

consumption is 2.25 kg of hydrogen and 4.6 kWh of electricity for the CD case and 2.44 kg
of hydrogen for the CS approach.

The CS strategy has the advantages of:

- Avoiding battery charge before the next flight;
- Avoid the operation of the compressor close to the surge line during the descent phase
thanks to the higher power requirement of the fuel cell.

The last effect is evident by comparing the working points of the compressor shown

in Figure 17.

[c21sentropic efficiency|
—Operating points

Pressure ratio (-)

7 _)Isentfopicefﬁciéncy
V&\\H ’(—Operaﬁng points

T '>\1uu krpm
\<\
B0 krpm

Mass flow rate (kg/s)

(b)

Figure 17. Working points of the compressor: (a) charge depleting and (b) charge sustaining.

Moving the working points away from the pumping line also has the advantage of
increasing the compressor efficiency and, therefore, reducing the parasitic power. On the
other hand, the use of the fuel cell to charge the battery causes an increase in hydrogen
consumption in the CS operation because of two effects: the higher power request and the
lower efficiency of the stack, compared with the CD case. The lower efficiency of the fuel
cell and the higher efficiency of the compressor are evident in the last 10 min of the flight
(descent), as shown in Figure 18, which reports the flight envelop of the motor, fuel cell

o
©
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@
o \\/
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Figure 18. The efficiency of the powertrain components: (a) charge depleting and (b) charge sustaining.
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Note that the fuel cell power requirement along the mission is almost constant, espe-
cially in the CD operation, thanks to the regularity of the proposed mission. This justifies
the adoption of a very simple energy management strategy, while usually more advanced
strategies are adopted to avoid abrupt changes in the control inputs of the fuel cell when it
operates under dynamic load operations [48].

4.2. Direct Environmental Impact
4.2.1. Original Configuration

The amounts of GHGs (CO; and H,0) and pollutant substances produced in the
reference missions with the original configuration are reported in Table 10.

Table 10. TTW emissions of the original configuration.

CO, H,0 HC co NOx PM
kg kg g kg g g

Takeoff 0.48 0.45 0.02 0.28 1.49 0.09
Climb 1 1.17 1.11 0.06 0.69 3.66 0.22
Cruise 1 2.80 2.66 0.13 1.94 12.03 0.72
Climb 2 1.35 1.29 0.07 0.80 423 0.26
Cruise 2 14.96 14.19 0.77 10.37 64.25 3.83
Landing 1.41 1.34 0.07 0.79 1.10 0.19

Total 22.16 21.04 1.12 14.86 86.75 5.30

They are the results of the multiplication of the emissions factors reported in Table 6
by the values of the flow rates in Table 9. Of course, the relevance of each phase of the flight
to the total emissions is mainly determined by its duration. While in large aircraft, the other
phase of the flight can be completely neglected in terms of consumption, the contribution
of the non-cruise phases to the overall emissions ranges from 20.5% for HC to 12% for NOy
for the ultralight aerial vehicle considered in this investigation. This explains the need to
separate the different phases in the calculation of the environmental impact.

Using the emission factor reported in [6], it was estimated that the use of Avgas 100LL
in the proposed mission causes the emission of 11.8 g of lead.

4.2.2. The New Power System

The electrochemical reaction taking place in the fuel cell produces only water and heat
as by-products. The mass flow rate of HyO produced by the fuel cell is calculated using
Equation (7). The total amount of water produced in the mission is 20.2 kg and 21.7 kg in
the case of CD and CS, respectively. Note that a similar value (21.04 kg) is emitted with the
original configuration.

4.3. Indirect Environmental Impact

The indirect emissions of pollutant emissions for the two configurations were calcu-
lated by considering the emission factors in Table 7 and the consumption of Avgas and
hydrogen for the original and new configurations, respectively. For carbon dioxide, the
emission factors with a storing pressure of 700 bar (Figure 12) were considered.

The obtained values of these emissions are compared in Tables 11 and 12 for the
charge-depleting and charge-sustaining strategies, respectively.

When hydrogen is produced by natural gas reforming, the emissions of all substances
are much higher than direct emissions in the original configuration. In particular, the
emissions of GHGs are three times larger, while pollutant emissions are three orders of
magnitude higher than those for the gasoline configuration.

In the case of hydrogen produced by electrolysis from wind energy, the indirect emis-
sions are lower than those for the original gasoline configuration in terms of equivalent kg
of CO,, but higher in terms of pollutant emissions.
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Table 11. Indirect environmental impact: gasoline vs. hydrogen-electric power system with the
charge-depleting strategy (inclusive of battery charge).

Equivalent CO, (kg) VOC (g) CO (g) NOx ()
Gasoline (original configuration) 7.72 0.019 0.040 0.008
Natural gas reforming 23.8 15.1 20.5 8.91
Electrolysis from wind energy 7.60 0.35 4.59 3.78
Electrolysis from solar energy 10.3 0.54 6.75 5.67
Battery charge 1.69 0.20 1.07 1.52

Table 12. Indirect environmental impact: gasoline vs. hydrogen-electric power system with the

charge-sustaining strategy.

Equivalent CO; (kg) VOC (g) CO(g) NOx, ()
Natural gas reforming 24.8 16.4 22.3 9.7
Electrolysis from wind energy 8.2 0.38 4.98 4.1
Electrolysis from solar energy 11.2 0.59 7.32 6.15

For the CS strategy, due to the higher consumption of hydrogen, the indirect emissions
are 8% higher than the values in Table 11, but there is no contribution from the battery
charge. The indirect emissions in terms of equivalent kg of CO, are compared in Figure 19.
Note that the contribution of the battery overcomes the benefit of lower hydrogen consump-
tion in the CD case when the hydrogen is obtained from electrolysis using either wind or
solar energy. Therefore, the CS strategy appears to be the best in terms of indirect emissions.

1 Charge Depleting (inclusive of battery charge)
Charge Sustaining
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> o, =
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Figure 19. Comparison of indirect impact in terms of equivalent kg of CO; for the two energy
strategies: CD (inclusive of battery charge) and charge sustaining.

4.4. Overall Emissions

The comparison in terms of overall emissions (WTW) is shown in Figures 20 and 21 in
terms of GHGs and pollutant substances, respectively.

The new configuration with the charge-sustaining operation allows a saving of 23.9 kg
of CO,, per flight if hydrogen is produced from electrolysis with wind energy. In the worst
case, the charge-depleting operation with hydrogen produced from natural gas reforming,
the saving of CO, is much lower (5.1 kg per mission).

Note that PEM electrolysis with wind energy was also identified as the best-case
hydrogen production scenario based on the results of Lindner [18].

In all cases, the use of hydrogen allows a strong reduction of NO, and CO emissions,
while the emissions of VOCs in the case of hydrogen produced from natural gas reforming
are 12 times higher than the original configuration with gasoline fuel and the piston engine.
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Figure 20. Overall emissions of CO,: comparison between the original configuration and the proposed
hydrogen-based power system.
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Figure 21. Overall pollutant emissions: original configuration vs. new configuration with the
CS strategy.

4.5. Discussion of the Results

Figure 22 puts into evidence the relative performance in terms of greenhouse gases
and pollutant emissions of the proposed power systems vs. the original ones by expressing
the total emissions in arbitrary units, where 100 au is assigned to the worst configuration
for each chemical substance. This plot is useful for addressing the effects of uncertainties
and arbitrary assumptions in the present investigation.
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--Hydrogen from NG
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- Hydrogen from NG
(CS)

Hydrogen from wind
energy (CD)

Hydrogen from wind
energy (CS)

Figure 22. Comparison between emissions in arbitrary units of the original and new power systems.
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Note that in terms of CO and NOy, there is a net difference in performance between
the original configuration, the new power system with gray hydrogen, and the new power
system with green hydrogen produced by electrolysis with wind energy. Therefore, the
effect of such uncertainties and arbitrary assumptions (on parameters like the pitch angle,
fuel consumption, weight, etc.) should not affect the relative comparison. On the other
hand, the emissions of VOCs for the original gasoline configuration and the new power
system with green hydrogen are quite close, so hydrogen from wind energy could generate
more VOCs under slightly different operating conditions.

The same could be said for CO, emissions from the gasoline configuration and the hy-
drogen produced with reforming from natural gas. In this case, the most critical parameter
should be the length of the natural gas pipeline. In the investigation detailed in [10], the
same length is considered the same as the crude oil case.

The differences between the CS and CD strategies are affected by the energy mix
adopted for electricity production. Since the emission indexes in Europe show a decreasing
trend with time, the difference between the two strategies, which is already quite negligible,
could easily be canceled out in the near future.

5. Conclusions

In this investigation, a modular fuel cell system hybridized with lithium batteries is
proposed and analyzed from an environmental point of view for an ultralight aerial vehicle
based on a reference mission of 90 min.

The first step of the investigation was the estimation of the energy flows in the original
configuration (Rotax 912UL engine burning Avgas 100LL) and in the proposed power
system with a fuel cell. For the second case, two different options were considered for
the battery: charge sustaining and charge depleting. With the proposed fuel cell model,
the contribution of compressor parasitic power to the gross power of the fuel cell system
increases from 8.8% at sea level to 12.7% at 2000 m.

For the original configuration, an overall consumption of 14.4 kg of Avgas was found.
However, the mass flow rates were calculated separately for the six phases of the mission
for a more accurate evaluation of the environmental impact. For the new power system,
the overall consumption of hydrogen was found to be 2.25 kg in the CD operation. The
CD strategy requires an additional consumption of 4.6 kWh of electricity to restore the
battery energy before the next flight. This is avoided in the CS operation by consuming
an additional quantity of hydrogen (0.19 kg) to charge the battery during the lower power
phases of the mission. The CS operation has the further advantage of avoiding the operation
of the compressor close to the surge line and improving efficiency during the descent phase.

In the second step of the investigation, the direct and indirect emissions produced
by the two power systems during the proposed mission are estimated. In terms of direct
emissions, the use of hydrogen allows a saving of about 22 kg of carbon dioxide, 1.12 g of
HC,15gof CO, 87 g of NOy, and 5.3 g of particulate matter in the 90 min of the mission. The
direct emissions are mainly due to the cruise phase, but the contribution of the other phases
is not negligible due to the shortness of the mission, typical of the ultralight application.
The same amount of water is produced by the two power systems. The retrofitting of the
piston prop aircraft to hydrogen also avoids the emission of lead, which is still used as an
additive in aviation gasoline to improve the anti-detonation grade of the fuel.

The data available in the scientific literature for GHG and pollutant emission factors
for gasoline, hydrogen produced by natural gas reforming (gray hydrogen), and green
hydrogen (electrolysis from renewable energy) were used to estimate the indirect impact of
the two power systems. In the case of gray hydrogen, the indirect emissions of GHGs were
found to be three times larger, while pollutant emissions are three orders of magnitude
higher than the gasoline configuration. The indirect emissions are also higher than the
original configuration in the case of green hydrogen produced by electrolysis from wind or
solar energy.
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Considering the overall Well-to-Wake process, the new powertrain with the charge-
sustaining operation saves up to 23.9 kg of CO, per flight with the proposed reference
mission in the case of hydrogen produced from electrolysis with wind energy. In the
worst case, the charge-depleting operation with gray hydrogen, the saving of CO, is much
lower (5.1 kg per mission). In the proposed case study, a strong reduction of NOy and CO
emissions is obtained with the use of hydrogen with all production paths, but, in the case
of gray hydrogen, the emissions of VOCs are much higher than those associated with the
use of gasoline in the original configuration with a Well-to-Wake approach.
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