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Abstract

Limited onboard battery energy remains a primary operational constraint for electric aircraft. Battery energy
consumption is affected by a variety of operational variables such as mission profile, aircraft weight, and ther-
mal operating conditions. Understanding the impact of these variables under real-flight conditions is essential
for improving operational efficiency and supporting energy-aware flight planning. This research proposes a
scenario-based operational analysis framework using high-resolution real-flight data collected from a Pipistrel
Velis Electro operated by TOFF Mobility. Sensitivity analysis is conducted to identify key operational variables
that significantly affect battery current demand and cumulative energy consumption. Comparable operational
scenarios are formulated by considering variations in climb profile, aircraft weight condition, and thermal operat-
ing condition, and their effects on battery energy consumption are evaluated through phase-wise comparisons
and performance metrics. The results show that variations in operational factors lead to measurable differences
in battery performance and energy use. The findings highlight the importance of real-flight-data-based opera-
tional analysis for understanding electric aircraft energy behavior and provide practical insight for energy-aware
operational planning in electric aircraft operations.

Keywords: Electric aircraft, Battery performance optimization, Scenario-based flight test, Real-flight data
analysis, Step climb

1. Introduction

Electric propulsion technologies are progressing toward practical deployment in short-range air
transportation and Advanced Air Mobility (AAM) applications [1}, [2]. Large-scale electrified aviation
initiatives, including the National Aeronautics and Space Administration (NASA) Electrified Aircraft
Propulsion (EAP) program, are actively being pursued [3, 4], and electric aircraft are increasingly
considered important components of future low-emission regional air mobility systems [5]. Despite
these developments, the operational capability of electric aircraft remains constrained by the limited
energy density of current battery systems. Compared with conventional aviation fuels, lithium-ion
batteries provide substantially lower onboard energy storage capability [6, [7], requiring increased
battery mass to secure sufficient flight endurance. Electric aircraft operations therefore involve trade-
offs among onboard energy, aircraft weight, aerodynamic efficiency, propulsion performance, and
battery operating conditions, making efficient battery energy management a critical requirement for
practical electric aviation.

Battery energy consumption in electric aircraft is affected by a variety of operational variables,
including mission profile, aircraft weight, climb strategy, power demand, and thermal operating condi-
tions. Unlike conventional fuel-based aircraft, electric aircraft maintain nearly constant aircraft mass
during flight while exhibiting strong sensitivity to electrical loading and battery thermal behavior [8, 9].
In practical flight operations, battery performance is influenced not only by instantaneous power
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demand but also by cumulative thermal and electrical loading throughout the mission. High-power
phases, such as takeoff and climb, can affect subsequent flight characteristics through accumulated
battery loading and temperature-dependent behavior. As a result, even flights with similar mission
structures may show different battery current demand and cumulative energy consumption depend-
ing on operational and environmental conditions.

Previous studies on electric aircraft energy analysis have mainly focused on analytical model-
ing [10] 1], simulation-based performance evaluation [12, [13], and operational optimization [14]
15]. These studies have contributed to battery sizing, propulsion system performance assessment,
mission-level energy estimation, and energy management strategy development [16] [17]. Simulation
and surrogate-modeling approaches have also provided useful insights under controlled operating
assumptions [18][19]. However, many existing studies rely on simplified mission definitions, assumed
environmental conditions, or controlled simulation environments, which may not fully capture the op-
erational variability observed during actual flight operations. Data-driven operational analysis using
empirical flight data and operational records has also been investigated [20]. However, existing data-
driven studies often focus on phase-isolated behavior or simplified operational assumptions [21], lim-
iting their ability to characterize cumulative battery energy behavior across complete flight missions.
Real-flight datasets inherently contain multiple simultaneously varying operational and environmental
factors, making direct interpretation of individual variable effects difficult [22, 23]. Therefore, there is
a need for real-flight-data-based analysis methods that can systematically compare electric aircraft
battery responses under comparable operational conditions while accounting for practical variability
in flight profiles, aircraft loading, and thermal environments.

To address this need, this research proposes a scenario-based operational analysis framework
using high-resolution real-flight data collected from a Pipistrel Velis Electro operated by TOFF Mobility.
The proposed framework constructs comparable operational scenarios by considering variations in
climb profile, aircraft weight condition, and thermal operating condition. Phase-wise comparisons and
performance metrics are then used to evaluate differences in battery current demand and cumulative
energy consumption under practical flight environments. In addition, by applying sensitivity analysis to
real-flight operational scenarios, this research identifies key operational variables that affect electric
aircraft battery performance and provides practical insights for energy-aware operational planning. It
is worth mentioning that the primary objective of this research is not to derive universally generalized
operational rules, but to identify operational energy behavior tendencies observed under selected
real-flight conditions. The remainder of this paper is organized as follows: Section 2 presents the
proposed methodology. Section 3 outlines the results and discussion. Section 4 discusses directions
for future work and concludes this paper.

2. Proposed Methodology
2.1 Overview

Figure [1| presents the overall workflow of the proposed framework designed to systematically com-
pare battery energy behavior under comparable operational conditions using high-resolution flight
data collected from commercial electric aircraft operations. The analysis procedure includes data
preprocessing, flight phase segmentation, operational variable analysis, scenario formulation, bat-
tery energy estimation, and comparative scenario evaluation. More specifically, flight data is pre-
processed and segmented into climb, cruise, and descent phases using a hybrid clustering-based
phase identification process. The segmented flight phases provide a consistent basis for phase-wise
comparison of battery energy behavior under different operational conditions. Operational variables
associated with battery behavior are then analyzed to formulate comparable flight scenarios under
different climb profile, aircraft weight, and thermal operating conditions. Battery energy consumption
is estimated from the battery power profile through numerical integration. Phase-wise comparisons
and energy metrics are subsequently used to evaluate operational differences in battery current de-
mand and cumulative energy consumption across the selected flight scenarios. Details about each
component will be discussed in subsequent sections.
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Figure 1 — Overview of the proposed framework

2.2 Exploratory data analysis

The flight datasets used in this research were collected from commercial operations conducted
by TOFF Mobility using the Pipistrel Velis Electro, the world’s first European Union Aviation Safety
Agency type-certified fixed-wing electric aircraft [24]. The aircraft platform used for the real-flight data
collection campaign is shown in Figure [2] The datasets consist of synchronized multivariate time-
series flight records containing aircraft flight states, battery operating conditions, electric propulsion
system parameters, aircraft attitude and position information, and ambient environmental variables
recorded throughout flight operations. Battery current, voltage, and temperature measurements were
acquired from the onboard Battery Management System (BMS) and Motor Control Unit (MCU).

S Arcoirre ooy

Figure 2 — Pipistrel Velis Electro aircraft used for real-flight data collection

Exploratory data analysis was first conducted to understand the overall structure, quality, and op-
erational characteristics of the real-flight datasets before performing scenario-based comparisons.
The exploratory data analysis involved checking the completeness and consistency of the collected
time-series data. Missing values, abnormal spikes, duplicated timestamps, and discontinuities in sen-
sor measurements were examined to ensure that the dataset was suitable for operational analysis.
Representative variables included in the real-flight datasets are summarized in Table[1] The datasets
include battery-related variables such as state of charge (SoC), battery voltage, battery current, and
battery temperature, together with propulsion system parameters including motor torque, motor rota-
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tional speed, and electrical power. These variables were used to analyze battery loading characteris-
tics and operational power demand under different flight conditions. Flight dynamics, aircraft attitude
and position information, and environmental conditions were also recorded to support phase-wise
operational energy analysis and scenario-based flight comparison.

Table 1 — Representative variables included in the real-flight datasets

Category Representative Variables

Time information Time stamp, elapsed time

Battery states SoC, battery voltage, battery current, battery temperature
Electric propulsion system Motor torque, motor RPM, electrical power

Flight dynamics Pressure altitude, airspeed, ground speed, vertical speed
Attitude and position Pitch, roll, yaw, latitude, longitude

Environmental conditions Outside air temperature, wind speed, wind direction

2.3 Flight phase segmentation

Given that battery load and energy consumption characteristics might vary across different flight
phases, the continuous flight logs were segmented into climb, cruise, and descent phases for phase-
wise operational analysis. This segmentation was used as a preprocessing step to support consistent
comparison of battery energy consumption across different flight scenarios. Initial phase partitioning
was performed using the K-means clustering algorithm [25] based on motor torque 7'(r) and motor
rotational speed Q(r) as shown in Algorithm [1| At each time step, the feature vector is defined as
x(1) = [T(1),Q(1)).

As K-means clustering grouped data based on numerical similarity, an additional physical label-
ing process was applied to associate each cluster with its corresponding flight phase as shown in
Algorithm 2| Each cluster was classified using the mean vertical velocity ¥, and propulsion load char-
acteristics. The cluster with v, > 0 and relatively high motor load was assigned to the climb phase,
while the cluster with small |v;| and stable power demand was identified as the cruise phase.

Algorithm 1 K-means-based initial flight phase clustering

1: Input: Normalized feature vectors x(z)
2: Initialization: Set k = 3; Initialize centroids {u,,u,, 15}
3: repeat
for each time point r do
Assign x(r) to the nearest centroid ¢(r)
end for
for each cluster j € {1,2,3} do
Update centroid u;
9: end for
10: until centroids converge
11: Output: Cluster label ¢(r)

N R

Algorithm 2 Physical flight phase labeling

1: Input: Cluster labels ¢(¢), torque T'(r), RPM Q(r), vertical speed v,(¢)
2: for each cluster j € {1,2,3} do
3: Compute mean vertical speed v, ; and propulsion load characteristics

4: if v, ; > 0 and motor load is high then

5: Label cluster j as Climb Phase

6: elseif |[v,;| is small and power demand is stable then
7: Label cluster j as Cruise Phase

8: else if v, ; < 0 and motor load is low then

9: Label cluster j as Descent Phase

10: end if

11: end for

12: Output: Finalized flight phase labels
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A representative result of the proposed phase segmentation procedure is shown in Figure [3| The
continuous flight log is separated into climb, cruise, and descent phases corresponding to physi-
cally interpretable operating conditions. This segmented structure provides the basis for subsequent
scenario-based operational energy analysis.
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Figure 3 — Results of the flight phase segmentation procedure

2.4 Phase-wise correlation analysis

After flight phase segmentation, a phase-wise correlation analysis was conducted to investigate the
relationships between battery current and representative operational variables under different flight
conditions. Battery current was selected as the primary response variable as it directly reflected in-
stantaneous propulsion power demand. The analysis was performed separately for climb, cruise, and
descent phases to identify phase-dependent operational characteristics that may not be observable
from the complete flight dataset.

2.4.1 Climb phase

Figure [4] illustrates the correlation results for the climb phase. Among the operational variables,
pitch angle exhibited the clearest positive relationship with battery current, indicating that climb-phase
battery demand is strongly associated with sustained propulsion loading required for altitude gain.
Longitudinal acceleration showed a generally negative relationship with battery current, suggesting
that propulsion power during climb is primarily consumed for maintaining climb performance rather
than forward acceleration. These tendencies indicate that climb profile is one of the dominant opera-
tional factors affecting battery loading during real-flight operations.

2.4.2 Cruise phase

Figure |5| presents the cruise-phase correlation results. Compared with the climb phase, battery
current variation during cruise was more closely associated with thrust adjustment and aerodynamic
trim maintenance than with altitude-gain demand. Pitch angle maintained a positive relationship with
battery current, while longitudinal acceleration remained concentrated within a relatively narrow op-
erating region. These results indicate that cruise-phase battery demand is influenced by continuous
propulsion adjustment required to maintain stable flight conditions.

2.4.3 Descent phase

Figure [6|shows the descent-phase correlation results. Compared with climb and cruise operations,
battery current during descent remained concentrated within a low-current region, reflecting the rel-
atively low propulsion demand required during descent flight. The relationships between operational
variables and battery current were therefore less pronounced than in the climb phase. Compared
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with climb operations, the descent phase exhibited relatively weak relationships between operational
variables and battery current due to the lower propulsion demand observed during descent flight.

Overall, the correlation analysis indicates that battery current behavior is strongly affected by
propulsion-loading characteristics associated with different flight phases. Among the operational vari-
ables, pitch angle and propulsion-loading characteristics exhibited the clearest relationships with bat-
tery current across different operational conditions. These observations provide the basis for the
subsequent scenario-based analysis of operational variables.

2.5 Scenario-based flight test design

Scenario-based flight tests were designed to evaluate the influence of operational variables on
battery energy consumption under comparable real-flight conditions. As actual flight data contained
variations in pilot input, wind condition, and battery thermal history, each scenario was constructed to
vary a specific operational variable while maintaining the remaining flight conditions within a compa-
rable operational range. Three operational scenarios were considered in this research: climb profile,
aircraft weight, and thermal operating condition.

2.5.1 Climb profile scenario

The climb profile scenario was designed to evaluate the impact of climb trajectory structure on
battery energy consumption. Two climb strategies were compared: continuous climb and stepwise
climb. Figure |[7| shows representative altitude profiles for the two climb strategies. The continuous
climb case maintained uninterrupted altitude gain throughout the climb segment, whereas the step-
wise climb case included intermediate level-flight segments between climb sections.
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Figure 7 — Representative altitude profiles for the continuous and stepwise climb scenarios

To improve the comparability of the analysis, flight duration, altitude gain, operational airspeed, and
other operational conditions were selected within similar ranges between the two real-flight cases.
The representative flight conditions used for the climb profile comparison are summarized in Table [2]

Table 2 — Flight conditions of the climb profile scenarios

ltem Continuous climb Stepwise climb
Climb profile Continuous climb Stepwise climb
Aircraft weight 530 kg 530 kg

Outside air temperature 30°C 30°C

Altitude gain 38.9m 39.1m

Duration 53.4s 52.8 s

Mean climb rate 0.73 m/s 0.74 m/s

Mean indicated airspeed 73.3 KIAS 76.1 KIAS
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2.5.2 Weight condition scenario

The weight condition scenario was designed to evaluate the influence of aircraft gross weight on
battery energy consumption under comparable flight conditions. Two aircraft weight conditions were
compared: 530 kg and 603 kg. Figure [§|shows representative altitude profiles for the weight condition
scenarios.
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Figure 8 — Representative altitude profiles for different aircraft weight conditions

Flight duration, altitude profile, operational airspeed, and initial battery state were selected within
comparable operational ranges between the two weight conditions. Phase-wise energy consumption,
battery current, power consumption, and total mission energy consumption were then compared
between the two aircraft weight conditions. The representative flight conditions used for the weight
comparison are summarized in Table 3|

Table 3 — Flight conditions of the weight condition scenarios

Item 530 kg condition 603 kg condition
Aircraft weight 530 kg 603 kg

Mission profile Repeated climb—descent Repeated climb—descent
Analysis duration 639.6 s 6755 s

Altitude range 97.8m 95.7m

Mean indicated airspeed 70.1 KIAS 69.3 KIAS

Mean climb power 52.2 KW 53.7 kW

2.5.3 Thermal operating condition scenario

The thermal operating condition scenario was designed to evaluate the impact of thermal operating
environment on battery energy consumption under comparable operational conditions. Two thermal
operating conditions were compared: low-temperature condition and normal-temperature condition.
Figure [9 shows representative altitude profiles for the two thermal operating conditions.

Flight duration, altitude profile, and operational airspeed were selected within comparable oper-
ational ranges between the two temperature conditions. The comparison reflects the combined in-
fluence of outside air temperature, initial battery temperature, and in-flight thermal response under
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Figure 9 — Representative altitude profiles for the low-temperature and normal-temperature

actual operating conditions. The representative flight conditions used for the thermal operating con-
dition comparison are summarized in Table [4]

Table 4 — Flight conditions of the thermal operating condition scenarios

ltem

Low temperature

Normal temperature

Outside air temperature
Flight pattern

Pressure altitude range
Mission duration

Initial SOC

Initial battery temperature

4.0°C Avg.

Repeated climb—descent
Approximately 1,000 ft
About 10.6—10.9 min
90%

8°C at takeoff

23.14°C Avg.

Repeated climb—descent
Approximately 1,000 ft
About 10.6—10.9 min
90%

29°C at takeoff

2.6 Battery energy efficiency analysis

The energy efficiency analysis framework was developed to evaluate battery energy consump-
tion under different operational conditions. Energy consumption was analyzed for both the complete
mission and individual flight phases using representative operational metrics. The framework ad-
ditionally considered comparability between baseline and comparison scenarios before evaluating
energy-efficiency differences.

2.6.1 Calculation of battery energy consumption

Battery energy consumption was calculated using the battery voltage and current recorded in the
real-flight datasets. Instantaneous battery power was defined as:

P(1) =V (0)I(1) (1)

where V(t) and I(r) denote battery voltage and current, respectively. Battery energy consumption
for each flight segment was obtained by integrating the power profile over time:

1 lend

E = 3600 V(t)I(t)dt 2)

[Still’t
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As the flight logs consisted of discrete time-series data, numerical integration was applied as fol-
lows:

1 N—-1
E~ m ng,l V(tn)l(tn)Atn (3)

Energy consumption was evaluated for both the complete mission and the climb, cruise, and de-
scent phases. Distance-normalized energy consumption was also calculated to account for differ-
ences in actual flight distance between scenarios with the following equation. Here, Dgrounq denotes
the traveled ground distance.

E

Eqig = —— (4)
o Dground

2.6.2 Energy efficiency metrics for scenario comparison

Energy efficiency was evaluated using multiple metrics as shown in Table 5] Total energy consump-
tion was utilized to compare overall battery usage between scenarios, while distance-normalized en-
ergy consumption was used to account for differences in actual flight distance. Average battery cur-
rent and average power were used to interpret propulsion loading during flight operation. Phase-wise
energy consumption was additionally evaluated to identify whether the impact of each operational
variable was concentrated in a specific flight phase or accumulated throughout the mission.

Table 5 — Energy efficiency metrics for scenario comparison

Metric Description

Total energy consumption [Wh] Total battery energy used during flight

Distance-normalized energy Battery energy consumption per unit flight distance
consumption [Wh/km]

Average battery current [A] Average current load required from the battery

Average power [kW] Average electrical power demand during flight

Phase-wise energy consumption Energy consumption during different phases (i.e., climb, cruise,
[Wh] and descent)

The relative change in energy consumption between the baseline and comparison scenarios was
calculated by the following equation. Here, Ep,e and Eg.enaioc denote the energy consumption of the
baseline and comparison scenarios, respectively. This metric was used to quantify the impact of each
operational variable on battery energy consumption.

AErel _ Escenario - Ebase % 100 (5)
Ebase

2.6.3 Assessment of comparability between scenarios

The scenario comparison was based on a baseline-versus-comparison structure. For each sce-
nario, a representative operational variable was intentionally varied while the remaining flight condi-
tions were maintained within comparable operational ranges. The target operational variables con-
sidered in this research were climb trajectory structure, aircraft gross weight, and thermal operating
condition. To improve comparability between scenarios, flight dynamics variables, propulsion-load
variables, environmental conditions, and battery states were reviewed before energy comparison.
As these variables had different physical units and numerical ranges, the min—max normalization
technique was employed before comparison:

Xi(t) - Xi,min
Xi,max - Xi,min

The normalized variables were used to calculate group-wise differences between the baseline and
comparison scenarios using the following equations. Here, D, denotes the group-wise difference

X.’([) = (6)

10
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between the baseline and comparison scenarios and g, denotes the allowable threshold for the cor-
responding variable group.

k Z ‘ ibaseline ~ z scenario (7)

ieVy

|Vk|

D, <& (8)

It is important to note that this condition was used as a practical comparability guideline rather
than a strict statistical acceptance criterion. The target operational variable was required to remain
sufficiently distinguishable between the baseline and comparison scenarios:

AXtargCt =X target,baseline -X target,scenario = Etarget (9)

where AX,o: denotes the difference in the target operational variable between the two scenarios.
It should be noted that scenario comparison was performed only when the major flight-condition
differences remained sufficiently limited relative to the target operational variable while the target
operational variable itself remained clearly distinguishable between the baseline and comparison
scenarios.

3. Results and Discussion

This section presents the scenario-based battery energy consumption results obtained from the
real-flight datasets. The analysis focuses on operational energy tendencies observed under different
climb profiles, aircraft-weight conditions, and thermal operating conditions. Representative battery
current, power consumption, and energy consumption characteristics are comparatively analyzed for
each operational scenario. Details will be discussed in subsequent sub-sections.

3.1 Results of the climb profile scenario analysis

Two climb strategies, continuous climb and stepwise climb, were compared under similar flight
duration, altitude gain, and operational airspeed conditions. Figure [T0] shows the comparison of bat-
tery current responses for the two climb strategies. The continuous climb case exhibited relatively
sustained current behavior during the climb segment, whereas the stepwise climb case showed re-
peated current fluctuations associated with intermediate level-flight segments. Temporary reductions
in current demand appeared during the level-flight intervals of the stepwise climb profile.
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Figure 10 — Continuous climb vs. stepwise climb with respect to battery current
Table [6] summarizes the quantitative energy-consumption results for the climb profile scenario. It

seems that the stepwise climb case showed lower climb-phase current, lower power consumption,
and lower climb-phase energy consumption compared with the continuous climb case. The average
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climb-phase current decreased from 113.16 A to 107.44 A, and climb-phase energy consumption
decreased from 612.98 Wh to 568.96 Wh. Distance-normalized and altitude-normalized energy con-
sumption also showed lower values in the stepwise climb condition. Compared with the continuous
climb case, the stepwise climb strategy exhibited a 7.18% reduction in climb-phase energy consump-
tion relative to the baseline condition.

Table 6 — Energy consumption results for the climb profile scenario

Item Continuous climb Stepwise climb
Average climb-phase current [A] 113.16 107.44

Average climb-phase power [kW] 41.24 38.71
Climb-phase energy consumption [Wh] 612.98 568.96
Distance-normalized energy consumption [Wh/km] 507.86 458.19
Altitude-normalized energy consumption [Wh/m] 15.77 14.55

Energy variation relative to baseline [%] Baseline -7.18

The observed difference between the two climb strategies implies that climb-profile design can
influence battery energy behavior even when the final altitude gain is nearly identical. As both cases
were selected under similar climb duration, altitude gain, and operational airspeed conditions, the
difference in energy consumption is likely associated with the temporal distribution of propulsion
demand rather than the total altitude change itself. The continuous climb case maintained a relatively
sustained high-current operating condition, while the stepwise climb case included intermediate level-
flight intervals that temporarily reduced battery current demand. For electric aircraft, this reduction
in sustained high-current operation can be beneficial because battery-related electrical losses and
thermal loading tend to increase under higher current demand. Thus, redistributing the climb load
through short level-flight segments may slightly reduce cumulative battery energy consumption during
the climb phase. However, given that the magnitude of the observed reduction is relatively small,
additional repeated flight tests are required to further validate this tendency.

3.2 Results of the aircraft weight scenario analysis

Two aircraft-weight conditions were compared: 530 kg and 603 kg. Figure [ 1]compares the cumu-
lative energy consumption under the 530 kg and 603 kg aircraft-weight conditions.
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Figure 11 — Comparison of the cumulative energy consumption under 530 kg and 603 kg conditions

It appears that the heavier aircraft condition showed higher energy consumption than the lighter
aircraft condition. As can be seen, the 603 kg condition exhibited greater total flight energy consump-
tion compared with the 530 kg condition. Total flight energy consumption increased from 3666.18 Wh
to 4021.68 Wh, corresponding to a 9.70% increase relative to the 530 kg baseline condition. The
SOC reduction also increased from 18.00% to 19.00%, indicating that the heavier aircraft condition
required a larger portion of the available battery capacity.
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3.3 Results of the thermal condition scenario analysis

The low-temperature and normal-temperature conditions were compared under comparable oper-
ational and altitude-profile conditions. Figure shows the comparison of the battery current re-
sponses under the two thermal conditions. The low-temperature condition generally exhibited higher
current demand than the normal-temperature condition across the analyzed flight segment.
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Figure 12 — Low temperature vs. normal

temperature with respect to battery current

Figure [13|shows the comparison of the battery voltage responses under the two thermal conditions.
The normal-temperature condition maintained a generally higher battery voltage level than the low-
temperature condition, indicating a more stable voltage response under warmer operating conditions.
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Table 7 — Comparison of flight performance metrics under low- and normal-temperature conditions

Item

Low-temp. Normal-temp.

Average climb-phase current [A]
Average cruise-phase current [A]
Average descent-phase current [A]
Average climb-phase power [kW]
Average cruise-phase power [kW]
Average descent-phase power [kW]
Average total flight power [kW]

Total flight energy consumption [Wh]
SOC reduction [%]

Energy variation relative to low-temp. [%]

148.17 139.06
56.57 59.78
11.67 2.67
52.04 49.59
20.54 21.55

4.30 0.98
21.08 20.83
3773.25 3558.22
19.50 17.00
Baseline -5.70
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Table |/ summarizes the quantitative comparison of the battery-load and energy-consumption re-
sults for the thermal operating condition scenario. As illustrated, the normal-temperature condition
exhibited lower climb-phase current, lower climb-phase power, lower total flight energy consumption,
and lower SOC reduction compared with the low-temperature condition. Total flight energy consump-
tion decreased from 3773.25 Wh to 3558.22 Wh, corresponding to a 5.70% reduction relative to the
low-temperature baseline condition. The average climb-phase current decreased from 148.17 A to
139.06 A, while the average climb-phase power decreased from 52.04 kW to 49.59 kW under the
normal-temperature condition. The SOC reduction also decreased from 19.50% to 17.00%, indicat-
ing that the normal-temperature condition required a smaller portion of the available battery capacity
during the analyzed flight operation.

4. Conclusion

This research proposed a scenario-based operational analysis framework to investigate the im-
pact of operational variables on electric aircraft battery performance using high-resolution real-flight
data. The analysis was conducted using flight datasets collected from a Pipistrel Velis Electro oper-
ated by TOFF Mobility. To support systematic comparison under practical flight conditions, the pro-
posed framework included exploratory data analysis, flight phase segmentation, phase-wise correla-
tion analysis, scenario-based flight test design, and battery energy efficiency analysis. It is important
to note that the primary objective of this research was not to derive universally generalized opera-
tional rules, but to identify battery energy behavior tendencies observed under selected real-flight
conditions.

The results indicate that electric aircraft battery performance is affected by operational variables
such as climb profile, aircraft weight, and thermal operating condition. In the climb profile scenario,
the stepwise climb case showed lower climb-phase current demand, power consumption, and energy
consumption than the continuous climb case under the conditions. This implies that the temporal dis-
tribution of propulsion demand during climb can influence battery energy use. In the aircraft weight
scenario, the heavier aircraft condition resulted in higher total flight energy consumption. This ten-
dency reflects the additional propulsion requirement associated with increased aircraft weight. In the
thermal operating condition scenario, the low-temperature condition showed higher current demand,
lower voltage response, and higher total energy consumption than the normal-temperature condi-
tion. These results highlight the importance of considering battery thermal operating conditions when
interpreting electric aircraft energy behavior.

The main contribution of this research is the development and demonstration of a real-flight-data-
based analysis framework for comparing electric aircraft battery responses under comparable op-
erational scenarios. Unlike purely simulation-based studies or direct comparisons of arbitrary flight
logs, the proposed framework uses phase-wise comparison, performance metrics, and scenario-
based analysis to improve the interpretability of operational battery behavior. The findings show that
real-flight datasets can provide practical insights into how operational decisions and environmental
conditions affect battery current demand and cumulative energy consumption. However, given that
the analysis was conducted using real-flight operational data, several limitations should be acknowl-
edged. For example, although the selected scenarios were formulated to maintain comparable flight
conditions, real-flight operations inevitably included uncontrolled variations such as wind condition,
pilot input, atmospheric disturbance, speed-tracking difference, and battery thermal history. Thus, the
results should be interpreted as operational tendencies observed from practical flight data rather than
isolated effects of individual variables under fully controlled experimental conditions.

Future work will focus on extending the proposed framework in two directions. First, additional real-
flight datasets and repeated flight tests under more controlled operating conditions will be used to
improve statistical reliability and further validate the observed operational tendencies. Second, the
real-flight analysis results will be used to support the development of simulation models that can
mimic practical electric aircraft battery behavior. Once a reliable baseline simulation model is estab-
lished, it can be further used for design space exploration, sensitivity analysis, surrogate modeling,
battery performance optimization, and what-if scenario analysis. These future efforts are expected to
support battery-aware operational planning and performance optimization for electric aircraft under
realistic flight environments.
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