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ABSTRACT

One alternative to all-electric powertrains in the aviation
industry is the introduction of hybrid fuel cell/battery architec-
tures. Vital to the operation of such a system is the development
of effective energy management systems to manage load sharing
and component health. In particular, an extension of battery
service life is a priority as this is the component expected to be
replaced most frequently. A framework for developing a robust
energy management system has been built within the open-source
framework of the OpenModelica multi-physics libraries, includ-
ing a simplified fuel cell, battery stack, hydrogen storage tank,
and customizable flight generator. Initial results indicated two
main focuses for this study. First, the handling of high-power pe-
riods, such as takeoff, dominates the battery’s discharge profile.
In particular, batteries repeatedly subjected to strain from take-
off due to a string of short-range, 45-minute flights experience a
service life of less than half (300 flight hours) that of long-range,
120-minute flights (700 flight hours). Secondly, it was shown that
small fluctuations in power demand can result in large reductions
of service life up to 20% of the ideal, making their management
a key concern.

1. INTRODUCTION

Electric aircraft are a potential solution to the challenges of
sustainable transportation, with reduced carbon emissions, lower
noise levels, and improved mechanical efficiency. Battery lifes-
pan has emerged as a key factor in the economics [1]. However,
fast charge cycles are required to maintain availability [2], which,
combined with the high power demand in flight, leads stacks to
rapidly deteriorate [3].

Hydrogen fuel cell/battery hybrid architectures have been
frequently proposed as an alternative to all-electric systems in
land-based transportation. For example, Fragiacomo [4] and
Baumann [5] have proposed layouts similar to that depicted in
Fig. 1 for land vehicles. In this case, the PEM fuel cell acts
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FIGURE 1: LAYOUT OF A PROPOSED POWER TRAIN FOR FUEL
CELL-BATTERY HYBRID VEHICLES.

as the primary power supply for the vehicle, outputting a near-
constant load. The battery supplements this by supplying load
during short-term transients and high-power applications. The
concept can be further extended by integrating supercapacitor
banks [4-7] to enhance transient responses. In principle, these
architectures can be easily ported to aircraft [8, 9], potentially
even in concert with turbogenerators and other traditional meth-
ods. However, management of the battery’s lifespan remains
essential. Compare, for example, the battery stacks of the Velis
Electro, a small, all-electric, battery-powered trainer aircraft man-
ufactured by Pipistrel, which are estimated to need overhaul after
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500 flight hours [10, 11], to the lifespan of the average fuel cell of
over 4000 operating hours [12]. Batteries thus represent a major
bottleneck in the maintenance cycle.

The energy management system (EMS) is key to the per-
formance of hybrid systems as it balances demand across each
of the separate power supplies efficiently and safely. EMS ap-
proaches are varied, including operation mode control, equivalent
consumption minimization, fuzzy logic, predictive controls, and
traditional PIs [13]. At present, only a small handful of stud-
ies demonstrate control on physical hardware [14, 15], with the
vast majority of work being conducted in simulation using tools
such as MATLAB/SIMULINK [16-18], a proprietary resource
requiring a license to utilize.

Modelica is an open-source, object-oriented language de-
signed for multi-domain modeling of complex physical systems,
making it particularly suitable for simulating complicated elec-
tromechanical systems [19]. While its capabilities have been
explored in modeling electric aircraft, this application is still in
its nascent stage, and mature, robust libraries specifically tai-
lored for electric aircraft are yet to be fully developed. Prior
works have positively demonstrated Modelica’s potential in this
domain: Bals et al. [20] presented new modeling and simulation
methods for electric aircraft systems, including optimization of
electric network architecture and system integration using virtual
testing; Podlaski et al. [21] took initial steps in modeling fully
electrified propulsion systems for aircraft using Modelica, intro-
ducing novel multi-domain components; and Castro et al. [22]
developed Modelica models to assess the dynamic performance
of different turboelectric architectures for electrified powertrains.
Prior work by the authors in Cooper et al. [11] used Modelica to
model the power system of an all-electric aircraft based on the
Pipistrel Velis Electro to show that advanced controls could be
leveraged to extend battery life with up to a 50% increase in flight
time in the best case. These studies collectively demonstrate
the potential of Modelica in modeling electric aircraft systems,
highlighting its usefulness while also underscoring the need for
more mature libraries to fully support the complexity of electric
aircraft modeling.

The object of the present work is the development of a basis
for an EMS library written for the Modelica language, using the
standard multi-physics libraries provided by OpenModelica [23].
A representative test case based on regional flights using a hybrid
fuel cell and lithium-ion battery system is explored to demon-
strate the framework’s capabilities and assess the impact of power
management strategies on battery degradation. Code for the con-
sidered example problem is provided through a public reposi-
tory [24]. Moreover, the developed open-source library is also
available through a publicly shared repository [25]. The contri-
butions of this paper are twofold. First, this paper contributes a
publicly accessible OpenModelica-based simulation environment
for hybrid hydrogen fuel cell and battery architectures. Second,
a detailed case study quantifying the impact of flight schedul-
ing and power fluctuation on lithium-ion battery degradation in
aircraft. The open-source framework is intended to support fur-
ther research in energy management systems (EMS) design and
battery prognostics for electrified aviation.
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FIGURE 2: THE SIMPLIFIED POWER SUPPLY MODEL IN OPEN-
MODELICA.

FIGURE 3: EQUIVALENT CIRCUIT MODEL OF A SIMPLE FUEL
CELL.

2. METHODOLOGY

This section describes the methodology utilized by this work
in modeling the considered hybrid Hydrogen fuel cell and battery
architecture.

2.1. System-level Architecture Modeling.

The object of the present work is the development of a basis
for an EMS library written for the Modelica language, using the
standard multi-physics libraries provided by OpenModelica [23].
A simplified model of a hybrid fuel cell/battery power supply, as
pictured in Fig. 2. taken from the literature and experimental
battery characterization data. The "fc" block (2.2) consists of a
combination of theoretical and empirical relations necessary for
describing the behaviour of a Ballard Mk5 fuel cell, fed with
hydrogen by the "tank" (2.2.6) block. The "stack" is a modified
version of the OpenModelica standard library’s model, incorpo-
rating a degradation model and characterized by experimental
data (2.3). The "cycle" block combines the power profile genera-
tor and load sharing agent (2.4); a generic flight power profile is
then developed for a Cessna 206 using publicly available data to
characterize short distance flights around the southeastern United
States and applied to the simplified power supply via a rudimen-
tary load sharing agent. Combined, these blocks can simulate
any number of flights of any length and provide a basis for the
study of the battery stack’s degradation over time.

2.2. Modeling of a Simple Fuel Cell

A single hydrogen fuel cell can be modeled using a simple
equivalent circuit model, as pictured in Fig. 3. Each component
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represents a specific phenomenon in the internal dynamics of
the cell; the particulars of each are described in the subsections
below. When combined in series, they describe the total voltage
of a fuel cell [26, 27]

E = NNm(EOC + Vact + Veone + Vohm)’ (D

where Eqc is the open circuit voltage, V. is the activation losses,
V conc 18 the concentration losses, Vonm is the ohmic losses, N,, is
the number of fuel cell modules and N is the number of cells per
module. Note that the direction of the pins for Ve, Veone, Vohm
are opposite that of Egc; they therefore represent voltage losses
rather than gains.

2.2.1. Open-Circuit Voltage Eoc In general, for any elec-
trochemical cell, the open circuit voltage Eqc is defined by [26]

Eoc = ———, 2

where AGieat is the free energy change for the reaction, n is
the number of electrons transferred in the reaction, and F is
the Faraday constant. For a basic fuel cell, the global and half
reactions are given in Eq. [26], which gives a value of n = 2.
Generally speaking, air is provided as an oxidant rather than pure
oxygen.

Anode : 2H, — 4H"Y + 4e”
Cathode : Oy + 4H* + 4¢~ — 2H,0
Overall : 2H> + Oy — 2H>0

AG eqcr can further be split into two terms to adjust for reactions
taking place at non-standard temperature and pressures, giving the
final expression For a basic hydrogen fuel cell, this will be [26, 28]

Py, POy’

AGS, + RTIn
Py,0

3)

Eoc = —
OC nF

2.2.2. Activation Losses V,; The activation losses repre-
sented by V, are driven by the need to physically transport
electrons between the anode and cathode. To do so, some of the
energy released by the overall cell reaction is wasted, resulting in
a slight voltage loss. In general, these losses are given by [26, 27]:

Vi = aln (i) . )
1o

In Eq. 4, iis the current area density (A/cm?) and ip is a parameter
called the exchange current density. The equation holds only if
i > iy [26]; if the cell current falls below this threshold, the
activation losses are negligible. Many sources split the logarithm
into a constant term, characterized by iy, and a non-constant
term characterized by i. The former can then be shifted and
incorporated into the open circuit voltage term, leaving a simple
expression for the activation losses [27]

Vaet = alni. (%)

TABLE 1: PARAMETERIZATION OF A BALLARD MK5 FUEL CELL

parameter expression
a (V) 4.01x102 - 1.40xx10* T
m (V) 3.3x103 -8.2x10° T
b (cm?-mA™) 8x1073
r(kQ-cm?)  4.77x10%-3.32x10° T

2.2.3. Concentration Losses V.onc The concentration
losses stem from an effective shortage of reactant at the elec-
trodes. In effect, the actual, local concentration of a reactant on
the electrode surface is actually slightly lower than the idealized
amount assumed by Eq. 3. The voltage produced is therefore
slightly lower than what would otherwise be predicted, and
Vonc characterizes this loss. The concentration voltage drop is
described in Eq. 6 below [26]; the parameter ijjy, is the limiting
current density and is the cell current produced when the reactant
is supplied at the maximum, ideal rate

RT L
Veone = —= In (lhm l) . (6)

nk ilim

Alternatively, the purely empirical relation 7 [26, 27, 29] has been
shown to give an excellent fit to experimental results;

Veone = mebi~ (7)

2.2.4. Ohmic Losses Vonm The ohmic losses are caused
by the internal resistance of the cell, and are given by Ohm’s
Law [26-28]. Note that because i is given in A/cm?, the resistance
r must be given in kQ-cm?,

Vohm = ri. ®)

2.2.5. Fuel Cell Parameterization The overvoltages given
by Eq. 5, Eq. 7, and 8 require a total of five parameters to fully
characterize the cell: a, m, b, r, and the active area of the cell A. A
set of empirical relations developed for a Ballard MKS5 cell (active
area 232 cm?) is used to characterize these [27], summarized in
Table 1. Note (1) that all temperatures are assumed to be in
degrees Celsius rather than Kelvin and (2) that in the simulation
the cell is assumed to operate at a constant 30°C.

2.2.6. Fuel Supply System In addition to the above, a fuel
supply system is also required to complete the model. The partial
pressures in Eq. 3 are given, in bars, by [28]

Puy = (1 = Unz) x12 Pruet, (9a)
Poy = (1 = Upz) x02 Pair, and (9b)
Pmo = (xmo + 2x02U02) Pair. (%)

In Egs. 9a through 9¢c, Umy and Ugs represent the utilization
rate of the gases provided to the cell, while each x represents
its constituents’ concentration. The utilization rates are defined
as [26, 28]

IRT

Uor = 5o
2nF Pyir QuirXo2

(10a)
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TABLE 2: MANUFACTURER SPECIFICATIONS OF AN INR 18650-
30Q.

specification Samsung 30Q
diameter (mm) 18.33
length (mm) 64.85
weight (g) 48.0
cell capacity (A-hr) 3.0
nominal voltage (V) 3.600
standard charge method CCCV
standard charge current (A) 1.5
standard charge voltage (V) 4.2
standard charge cutoff (mA) 150
maximum charge current (A) 4.000
standard discharge cutoff voltage (V) 2.5
maximum continuous discharge current (A) 15.0
operating temperature (°C) -20to 75
Unp = —— L (100)

LA
nF Prye1 Qfuel XH2

where [ is the current (not current density) produced by the cell
and P (in bars) and Q (in m’/s) are the supply pressure and
volumetric flow rate of the air and fuel streams, respectively.
Hydrogen is supplied to the system via a simple tank maintained
at a constant temperature and pressure, with ideal gas behavior
assumed. The flow rate out of the tank and into the fuel cell is
controlled by a pressure regulator and defined by (again, with
pressures in bars) [30]:

_ 0.0004734C, Piank | (Prank — Pruet) M
Ofuel = . (1D
Prank Ttank Prank Z

Here, Z is the compressibility factor (assumed to be 1) and M
is the molar mass of the gas (2.016 g/mol for Hy). The flow
coefficient is determined by extensive manufacturer testing and is
generally provided on the product data sheet; it is up to the user
to choose a coeflicient and regulator that will provide appropriate
flow for their application. After some trial and error, it was found
that a value of C,=0.6 was sufficient to provide the appropriate
current and power in the cell. Air was provided as an oxidant at
atmospheric pressure and at three times the flow rate of hydrogen.

2.3. Modeling of the Battery Stack

The battery stacks in this study are based on the INR 18650-
30Q, a graphite anode, LiCo; cathode cell manufactured by Sam-
sung. Key manufacturer specifications of the cell are summa-
rized in Table 2 [31]. Testing of single cells was performed at
the University of South Carolina’s Adaptive Real-Time Systems
(ARTS) Lab on an NHR 9200 battery system controlled by a
programmable LabVIEW system.

2.3.1. SOC-OCV Curve and Internal Resistance The
SOC-OCV curve maps the open circuit voltage (OCV) of a
cell to its state of charge (SOC) and governs the measured
cell voltage as it is charged and discharged. To characterize
this, a series of short, 6 A pulses was applied to a single cell,

discharging it in increments of 10% SOC. Then, all current load
was removed, and the cell voltage was allowed to settle, thereby
establishing the OCV at each incremental SOC. The data for
these tests is available through a public repository [32]. The
resulting measurements were then curve fit using a least-squares
method to a function of the form [33]:

OCV = Ky + K1SOC + K>In(SOC) + K3In(1 — SOC)  (12)

At 20 degrees Celsius, these coefficients were Ky = 3.284, K| =
0.823, K, = 0.0959, and K3 = 0.00343. The cell’s internal
resistance was estimated by measuring the voltage drop during
each pulse of the above tests and calculating the resistance from
Ohm’s Law. At 20 °C, this was found to be 0.0162 Q.

2.3.2. Degradation Model In addition, an empirical model
from the literature was implemented to describe the capacity fade
of the cell with repeated use. The model computes the cell’s
current capacity as a function of its nominal capacity (Cyp), mean
SOC (SOCy,), depth of discharge (DOD), and equivalent full
cycles (EFC) and takes the form [34]

b

100 \ 100

where

A =3.2550C,, (100 +3.25D0D — 2.251)01)2) a4

To check the accuracy of this model, a simulated benchmark test
was performed. Per the 30Q datasheet, after 250 cycles, a cell
should have a capacity of 0.6Cy when cycled continuously at the
nominal 1.5 A charge rate and a maximum 15 A discharge rate.
Under these conditions, the simulated cell’s final capacity was
estimated to be 0.6036C, precisely as described by the datasheet.
The above equations were thus deemed sufficient to model battery
cell degradation.

2.4. Development of a Generic Flight Profile and the Load
Sharing Agent

A generic power profile was developed to determine the load
at any particular time in flight. This consists of three phases,
illustrated in Fig. 4: (1) pre/post-flight taxing, (2) takeoff, and
(3) cruise. To facilitate this in simulation, the fully customizable
"cycle" block of Fig. 2 was implemented. The block allows
users to define all the various parameters of the flight, including
taxi power (Pyaxi), maximum power during takeoff (Ppax), cruise
power (Pcpise), the duration of each phase (fiaxi,fmax, and Zcruise)s
and the time needed to ramp to or from each phase (faxiramp and
fmaxRamp)- 1t is assumed that the same time is taken to ramp down
from maximum to cruise power, and from cruise power to taxi
power, as it is to ramp up from taxi to maximum power during
takeoff. At the end of each flight, a short rest period is observed
to recharge the battery and replace the hydrogen tanks.
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TABLE 3: APPROXIMATED FLIGHT PROFILE PARAMETERS FOR REGIONAL SOUTHEASTERN FLIGHTS

route Ptaxi (kW) Traxi (mln) Pmax (kW) Imax (mln) Pcruise (kW) Leruise (mm)
Charlotte/Myrtle Beach 30 12 190 12 160 47
Columbia/Richmond 1 55 14 230 2 170 104
Columbia/Richmond 2 40 7.3 200 20 125 120
Columbia/Richmond 3 30 6 225 2 165 110
Greenville/Augusta 50 10 215 3 150 45
average 41 9.86 212 7.8 154 85.2
takeoff cruise Algorithm 1 SIMPLIFIED LOAD SHARING SCHEME FOR
0.20 1 THE CONSIDERED HYBRID AIRCRAFT CONSIDERED.
0.15 - g ao il 1: for each time step do
' 2: if Takeoff then
3 FuelCellPower «— slowly ramp to CruisePower
§ 0.10 1 4 BatteryPower « TotalDemand — FuelCellPower
&g taxi 5 else if Cruise then
2 0.05 1 6: Noise ~ random normal fluctuation
= “ 7 EffectiveDemand « CruisePower + Noise
0.00 1 8 if EffectiveDemand > CruisePower then
total load 9: Battery discharges to meet extra demand
—0.05 7 fuel cell load 10: else
battery load 11: Fuel cell charges battery with excess power
—0.10 - 12: end if
(') 2'0 4'0 6I() 80 13: else if Landing then
time (min) 14: FuelCellPower « slowly ramp down
15: BatteryPower <« FuelCellPower — TotalDemand
FIGURE 4: A GENERIC FLIGHT POWER PROFILE. 16: else
17: FuelCellPower « TotalDemand
18: BatteryPower « 0
2.4.1. Determination of Flight Parameters Data on power 19: end if
curves for various flights were gathered from fuel consumption 20: end for

records sourced from publicly available flight data [35]. For each
flight, the consumption rate was multiplied by the specific energy
and density of the fuel (43.5 MJ/kg and 721.1 kg/m? [36], respec-
tively, for 100LLV fuel) to determine the power generated by the
combustion of the fuel. By considering the engine’s efficiency at
different times, this energy was then converted into usable power
for the aircraft. For taxi, cruise, and descent phases, efficiency
was assumed to be 30%, whereas, during takeoff, it was set at
19%, as engines generally operate less efficiently at high power
demands like takeoff.

In the end, a small selection of five flights was chosen to char-
acterize the generic power profile. A summary of the approximate
pertinent parameters for these flights is given in Table 3, along
with the average values used to parameterize the simulation. The
time taken to ramp to and from maximum power was somewhat
inconsistent from flight to flight, with 30 seconds judged to be a
representative duration. Finally, it was assumed that 60 seconds
was spent immediately before and after each flight to ramp to and
from taxi power.

2.4.2. Load Sharing A simple load-sharing scheme is
shown in algorithm 1 and is as follows. In general, the air-
craft is considered to pull from the fuel cell as its primary power
supply. Thus, during the majority of the flight, the fuel cell re-
ceives the full load. However, during transient periods, the total

load and fuel cell load diverge. For example, during takeoff, the
fuel cell slowly ramps up to cruise power, rather than swiftly up
to maximum power and back. The difference required to com-
plete takeoff is supplied by the battery, as illustrated in Fig. 4.
Similarly, during landing, the fuel cell ramps down more slowly
than the total power demand of the aircraft, with the extra power
produced being routed to charge the battery. To simulate the
slight variations observed in the power profile of real flights, a
noise generator was applied during cruise using a normal distri-
bution with a standard deviation of 2.109 kW. When the signal
generated is greater than the cruise power of 154 kW, the battery
partially discharges to meet demand; when the signal is less than
154 kW, the fuel cell instead partially charges the battery. These
charges and discharges, although tiny on an individual basis, add
up over the course of a flight to increase the total equivalent cycles
experienced by the stack and degrade it.

2.4.3. Sizing the Fuel Cell and Battery Stacks Asseen in
Table 3, the fuel cell stack must be able to supply a minimum
of 142 kW of constant power while remaining below the maxi-
mum current density of ~450 mA/cm? for the Ballard MKS5. A
short calculation indicates that 8 modules consisting of 300 cells
each would be sufficient for this purpose. The battery stack was

Copyright © 2025 by ASME



=== 45 min
----- 85.2 min
0.8 71 —— 120 min
g 0.6
5
~ 0.4 -
0.2
0.0
T T T T T T T T
0 100 200 300 400 500 600 700
flight time (hr)

FIGURE 5: BATTERY REMAINING USEFUL LIFE AS A FUNCTION
OF FLIGHT HOURS.

similarly sized with the constraint that it must act as the aircraft’s
emergency power supply. It must therefore have enough capac-
ity to fly the plane under cruise power for a minimum of thirty
minutes. It was estimated that four stacks mounted in parallel in
a 168-series, 12-parallel configuration can supply the necessary
power for ~30 minutes. In addition, it was calculated that this
stack can supply a maximum power of 435 kW, more than enough
to complete takeoff should the fuel cell fail to ramp.

3. RESULTS AND DISCUSSION

In general, batteries are considered to reach their end of life
when their capacity reaches 80% of their initial, nominal ca-
pacity; for an INR18650-30Q, this would equate to 2.4 Ah. A
commonly used measure of battery health is remaining useful
life (RUL), defined as the percentage of capacity fade remaining
before disposal. Figure 5 plots the RUL of the 30Q stack against
the total flight hours for three different cruise lengths, 45 minutes
(the minimum time in Table 3), 85.2 minutes (the average value),
and 120 minutes (the maximum value). One immediate obser-
vation from this figure is that battery lifespan is inversely related
to the number of flight hours; the longer the flight, the longer
the battery stack will last. In fact, stacks subjected to short, 45-
minute flights logged only 300 flight hours before replacement,
less than half that of the 700 hours of long-range 120-minute
flights. Intermediate, 85.2-minute flights fell between the two
extremes, recording approximately 540 hours.

This may seem counterintuitive, but is easily explainable
when one examines the power profile in Fig. 4. In every flight,
the deepest and most stressful discharge occurs during takeoff;
the numerous small charges and discharges occurring to noise in
the power profile during cruise are minuscule, even in aggregate,
when compared to the initial discharge. Limiting an aircraft to
repeated short-range flights means the battery will experience
this stress more often than engaging in medium- and long-range
flights. In every case, the battery reaches its end of life after
approximately the same number of equivalent cycles, but be-

1.0 1 === 45 min, with noise
— 45 min, without noise
0.8 1 === 85.2 min, with noise
— 85.2 min, without noise
§ 0.6 1 === 120 min, with noise
s 120 min, without noise
=)
& 0.4 -
0.2
0.0

T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
flight time (hr)

FIGURE 6: IMPACT OF NOISE IN THE POWER PROFILE DURING
CRUISE ON BATTERY RUL.

cause the short-range case experiences takeoff more often, it also
reaches this limit sooner.

However, this is not to say that the noise in the load profile
has no effect whatsoever. Fig. 6 plots the stack RUL for the same
three cruise periods (1) with the noise generator and (2) without.
In every case, battery lifespan is reduced, up to a factor of over
20% in the case of 120-minute flights. On an individual flight
basis, battery stress induced by takeoff dominates, but in the long
term, small fluctuations in demand still have a substantial effect.

These findings imply two foci for any EMS. First, an optimal
strategy for managing takeoffs is essential, as this is the primary
driver for battery degradation. Secondly, a way must be found to
effectively manage small fluctuations in demand throughout the
life of the stack. Incorporation of ultracapacitors into the system
may be one way to manage these issues, especially the latter; their
high charge and discharge rate can help smooth the power curve
and reduce the aggregate strain on the battery in the long term. In
addition, it will be vital for airline planners to manage and plan
their logistics accordingly to avoid overscheduling short-range
flights, which stress the stack through repeated takeoffs.

4. CONCLUSIONS

Energy management of fuel cell/battery hybrid architectures
is an ongoing field of research in the push for electrifying trans-
portation. This work aims to provide a basis for modeling these
systems in an open-source environment that can be easily shared
and modified. The application of a rudimentary load-sharing
agent to the system indicated two key areas of concern in man-
aging battery health: the handling of high-power periods, such
as takeoff, and the slow accumulation of stress over time due to
small fluctuations of the load.

Limitations still remain. First and foremost, thermal man-
agement must be considered. This is especially important due
to the risk of thermal runaway in the battery stack, an especially
catastrophic outcome in the aviation industry [37]. Rather than
assuming a constant operating temperature for all components,
the disposal of waste heat and energy required to operate cooling
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systems must be accounted for. The storage tank also requires
some energy input to maintain its temperature and pressure, which
may be partially supplied by waste heat or by an electric heater.
In addition, aircraft have numerous small electronic systems op-
erating at all times, which will also draw a small amount of power.
Finally, the power profiles used here are somewhat idealized, with
no aborted takeoffs or landings and no minor ascents or descents
during cruise. These irregularities introduce strains comparable
to those during takeoff and must be addressed.
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