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Battery Sizing of Small All-Electric Aircraft
Using an Electro-Thermal Cell Model
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Abstract—Electric aircraft represent a promising low-
emission alternative to conventional fuel-powered aviation.
This study proposes a battery sizing method for small
all-electric aircraft using an electro-thermal battery cell
model, considering different flight segments based on a ref-
erence commercial aircraft. The experiment is conducted
to verify the proposed electro-thermal battery cell model.
It considers varying battery efficiency throughout the flight
mission, highlighting the importance of battery efficieny
in the design process.

Index Terms—All-electric aircraft (AEA), battery,
electro-thermal model, efficiency.

I. INTRODUCTION

VER the past decades, the rising consumption of
fossil fuels and carbon emissions have highlighted
the necessity for the adoption of electric aircraft (EA).
Offering a cleaner alternative to conventional aircraft, EA
not only reduces environmental impact but also operates
with significantly less noise. Moreover, they achieve
better aerodynamic efficiency during flight. Among the
various types of aircraft, small all-electric aircraft (AEA)
with limited range are anticipated to be particularly
viable for electrification in the next decade, driven by
ongoing advancements in battery technology [1], [2].
In the emerging field of AEA battery power and
energy sizing, limited studies have been conducted. The
study by [3] proposed an integrated approach to sizing
small AEAs, derived from mission analysis through
flight mechanics and design constraints from a sizing
matrix, though it did not consider power and energy
consumption during the takeoff phase. [4] utilized math-
ematical models to translate flight performance require-
ments into constraints for powertrain components and
subsequently introduced an optimal design approach for
small hybrid-electric aircraft aimed at minimizing takeoff
weight. In [5], the AEA mission power profile, including
takeoff, climb, cruise, descent, and reserve phases, was
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computed using estimated parameters based on histor-
ical data of current aircraft. The takeoff weight was
defined using the typical empty weight fraction of current
commercial fuel-based aircraft, serving as a constraint
for this analysis. In [6], a battery sizing method that
integrates all design requirements through an iterative
approach was proposed. This method considers realistic
specifications based on the reference aircraft, includes a
detailed component-level weight analysis to determine
takeoff weight, and incorporates an in-depth mission
analysis.

Building on previous research, this paper presents an
improved battery sizing methodology for small, short-
range AEA utilizing an integrated electro-thermal battery
model. The approach begins with the specifications and
mission parameters of the reference commercial aircraft
across different flight phases. These parameters are used
to estimate the battery power output and AEA weight
components, including battery pack, powertrain, and
the takeoff weight, while accounting for the variable
efficiency of the battery, which depends on state-of-
charge (SOC), C-rate, and temperature. Existing sizing
methods have not yet incorporated the varying battery ef-
ficiency. This gap is particularly significant for AEAs, as
variations in battery efficiency directly influence energy
consumption throughout the flight mission and overall
weight, thus affecting the sizing result.

II. ELECTRO-THERMAL BATTERY CELL MODEL

To predict battery efficiency over the entire flight
mission, an electro-thermal coupled model for the bat-
tery cell is established. This model consists of two
interconnected submodels, as illustrated in Fig. 1. The
electrical submodel predicts battery cell voltage, current,
and SOC in response to the required battery power and
cell temperature. The thermal submodel predicts the cell
temperature based on the current, resistance, and ambient
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Fig. 1: Battery electro-thermal coupling model at the cell
level.

Fig. 2: Second-order RC' Thévenin-based model.

temperature. For this study, it is assumed that all cells
within the battery pack exhibit uniform behavior.

A. Electrical model at the cell level

In this study, the electric model adopts the second-
order RC Thévenin-based model, as illustrated in Fig. 2.
This model incorporates multiple components, including
the open circuit voltage (OCV) Vpcy, the ohmic resis-
tance R,, the short-time transient parallel RC' pair R,
and C, and the long-time transient parallel RC pair R,
and Cj. The equations for the electrical circuit model
(ECM) discussed can be expressed as:

Vi(t) = In(t) R = I1(t) Ry(1 — e_ﬁ)
Vi(t) = Li(t) Ry = I(t)Ry(1 — e~ 7 )
V(t) = Voev(t) — (Vi(t) + Vi(t) + I(t)R,)

(D
I(t) = igg
SOC(t) = / Ig)dt +S0C,
f

where [(t) is the battery cell current, which is split
between the resistor current I; I;; and the capacitor
current I ;. V/(t) is the terminal voltage of the battery
cell. P(t) is the battery cell power, which is determined
by the operational requirements of the aircraft. St is the
full battery capacity, and SOC(t) is the real-time battery
SOC. SOC is the initial SOC.

TABLE I: Key parameters for the INR18650-35E battery.

Parameter Value
Nominal capacity [A h] 34
Nominal voltage [V] 3.6
Charge operating temperature [°C] 0 to 45
Discharge operating temperature [°C] -10 to 60
Gravimetric energy density [Whkg™'] 244.8

Weight [g] 50
Specific heat [Jkg™' K™'] 900

The ECM component values were determined using
a pulse current test, following a methodology similar to
that described in [7]. The OCV was determined using
a similar pulse current test procedure. However, the
resting period was extended to 3h instead of 180s to
measure the close-to-equilibrium OCV. To extract the
ECM parameters, the Samsung INR18650-35E cylindri-
cal battery cell, which represents the NMC technology
of LIBs, is chosen. This battery chemistry is expected to
dominate air transportation in the near-term future due
to its high energy density, well-established technology,
and strong battery supply chain. The key parameters of
the tested battery cell are outlined in Tab. I [8].

Due to the primary varying parameters during the
AEA operation process, namely SOC, C-rate, and tem-
peratures of the battery cell, the same test profile was
repeated at different C-rate ranging from 0.2C to 1.0C
and ambient temperatures, including 0°C, 10°C, 20°C,
25°C, 30°C, and 40°C, for three INR18650-35E cells.
The ECM parameters for each operating condition were
then extracted from the corresponding pulse test char-
acterization results. Since the resistance value directly
influences battery efficiency, the ECM resistance com-
ponents at different temperatures are shown in Fig. 3. It
can be observed that all resistance components increase
at low SOC and low temperatures.

B. Thermal model at the cell level

1) Heat generation model and heat transfer model:
The thermal model of the battery cell comprises the
heat generation model and the heat transfer model. In
this thermal model, the heat generation and temperature
within the battery cell are assumed to be uniformly
distributed [9]. According to the energy conservation law,
the temperature change for a single battery cell can be
expressed as follows:

dT;
meCoe gy

where m, is the battery cell mass, Cp is the battery
specific heat capacity at constant pressure. 7; is the

= Qc - Qd ()
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Fig. 3: ECM resistance variations with 7" under discharging process.

battery cell temperature. (). denotes the heat generation
by a single battery cell, as defined in (3), and Qg is the
heat removed from the battery by the battery thermal
management system (BTMS). The heat transfer process
between the battery and the BTMS is described using
Newton’s law of cooling, as presented in (4).

QC:QO+QP+QF

Qo = I’R,
Qp = I3R,+ I2 R )
B dVocv
Qr = 1T 5T
Qa4 = hS(T: — Tyms) 4

where (), is the heat generation from ohmic resistance,
Qp is the heat generation from polarization resistance,
and @), is reversible entropic heat. ag% is the tempera-
ture rise coefficient of electromotive force. h is the heat
transfer coefficient between the battery cell surface and
the BTMS. Tgrms is the BTMS temperature. S is the
heat transfer surface area.

2) OCV and entropy coefficient: To characterize the
temperature rise coefficient of electromotive force, the
OCV test was conducted under different temperature
conditions at 25°C and 40°C' for different SOC. The
measurement result is shown in Fig. 4. The entropy
coefficient is defined as (5) [10].

Vocv ~ Vocvri — Vocvt )
aoT T — 15
where Vocvrx is the battery cell OCV measured at a
certain battery cell temperature 7. % can be sum-
marized as the function of SOC by polynomial fitting.
Taking discharging as an example, the fitting expression
is shown as:

(SOC)

OVocvdis

7
o= > digisSOCH!

i=1

(6)
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Fig. 4: OCV under different SOC and temperature.
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Fig. 5: Experiment setup for battery tests.

where

d=[-1.1274 x 107", 3.8095 x 10!,
—4.8269 x 1077, 2.8005 x 1077,
—7.0790 x 107%,5.2248 x 1077, 2.1565 x 107*] (7)

and coefficient of determination (R?) is 0.5257.
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Fig. 6: Experimental verification under specified AEA
flight.

C. Experiment verification

To verify the proposed battery electro-thermal cell
model, an experiment was conducted. Fig. 5 illustrates
the experimental setup, which comprises a battery tester,
a temperature chamber to regulate ambient temperature,
a type-K temperature sensor to measure battery cell
surface temperature, and a host PC for monitoring, con-
trolling the test, and recording data. An example electric
aircraft power profile from [6], including takeoff, climb,
cruise, and descent, was normalized to the cell level
and applied to the battery cell. The temperature chamber
was set to 25°C. The resulting simulated and experiment
voltage-current and temperature data are shown in Fig.
6. For temperature prediction, the electro-thermal battery
cell model achieved an MAE of 0.30, an RMSE of
0.24, and a coefficient of determination (R?) of 0.9940,
demonstrating its high accuracy and reliability.

ITI. BATTERY SIZING FOR ALL-ELECTRIC AIRCRAFT

In the conventional fuel-based aircraft propulsion
system, the propulsion of the aircraft is performed by the
gas turbine engine, while jet fuel is the onboard energy
source. For the AEA, the electric power sourced from
the battery is transmitted to the electric motor, which
drives the propeller or fan [11]. The transition to electric
propulsion eliminates the need for fuel and engines, but
it introduces additional weight due to the integration
of the electric powertrain. Therefore, it is necessary to
compute the weight difference between the conventional
fuel-based aircraft and the retrofitted AEA to estimate the
takeoff gross weight (TOGW) of the AEA. As expressed
in (8), the TOGW of the retrofitted AEA W, can be
broken down into battery weight W), payload weight
Wi, and the modified OEW W,.. The payload weight
is assumed to be the same as that of the reference
aircraft. Additionally, it is assumed that the transition
to electric propulsion does not significantly affect the
overall airframe design [12]. Therefore, the modified
OEW of the AEA W, can be further decomposed as (9).
The engine contribution Wy, in the fuel-based aircraft is
excluded, and the wing weight is considered separately.

Wi =Wy + Wpl + Woe
Woe = Woe.ref - Ww.ref - Wen + WPT + Ww

®)
€))

where Wy r and W, represent the wing weight of
the reference aircraft and the retrofitted AEA, respec-
tively. Both Wyr and W, are estimated using the
empirical correlation described in [13]. The all-electric
powertrain weight, Wpr, includes the DC/DC converter,
DC/AC inverter, electric motor, gearbox, and associated
cabling weights. These components are sized based on
the takeoff power, as this phase has the highest power
consumption. Their weights are subsequently determined
using state-of-the-art power density value.

A. Power and energy requirements

A typical flight profile for a small aircraft consists
of five distinct phases: takeoff, climb, cruise, descent,
and landing. Furthermore, to accommodate unanticipated
emergency flight operations, AEA batteries must include
reserve energy as a safety margin [3], [4]. When sizing
the battery pack for an AEA, the landing phase is
neglected, as it requires significantly less power and con-
sumes minimal energy [12]. Due to the relatively lower
power and energy density requirements, a small aircraft
capable of carrying four passengers is considered, and
the reference aircraft is selected as the Cessna 172R.
The lift coefficient, drag coefficient, and performance
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indices are matched to those of the selected reference
conventional aircraft [6]. To simplify the analysis, the
transitional periods between flight phases are neglected
[S].

First, the takeoff phase is typically characterized by
Takeoff speed V}, and takeoff run length L,, and these
parameters can be estimated by evaluating the aircraft’s
acceleration along the runway based on horizontal force
equilibrium. The forces involved in this process include
the thrust, the friction, and the aerodynamic drag. Based
on this, the takeoff time 7;, can be determined, with
the detailed calculations provided in [6]. In the climb,
descent, cruise, and reserve phases, a general expression
for the required power can be obtained based on the
equilibrium of all the forces acting upon an aircraft [14].

1. , - W2
P = WioVigii + (§plSVigC]l)0 + K %pigVi)

(10)

where V.Y, . represents the vertical velocity, p' is the air

density, V; is the aircraft true airspeed. Cl, and K' are
the zero-lift drag coefficient and induced drag correction
factor, respectively. The subscript roi and i denote each
flight phase.

The total battery energy required for an AEA trip can
be calculated by integrating the specific power required
for each flight phase over time. The battery efficiency 7y
is calculated based on the ECM in sec II-A.

P
L ————
conv'//inv’/cal cm g pFOP 11
) o (an
m =

Pi,b + 12(R0 + Rs + Rl)

where P,y represents the power required by the power-
train from the battery pack. 74 represents the efficiency
of each all-electric powertrain component.

B. Sizing result

Based on the electro-thermal battery cell model in
Sec. II, mission performance requirement and aircraft
specifications in [6], power and energy calculation in
II-A, the relationship between weight components in
(8), and battery efficiency calculation in eq. (11), the
system encompassing Wy,, W, and W}, can be closed.
An iterative calculation is performed to determine the
TOGW and battery pack size of the retrofit AEA based
on the reference Cessna 172R while adhering to a set of
constraints to ensure the validity of the retrofit design,
including the empty weight ratio, the wing loading, and
the battery power constraints. Detailed discussion about
the constraints can be found in [6].

TABLE II: Technical specifications of the retrofit AEA.

Model Retrofit Cessna 172R
Range R 118.50 km

Battery size Ej 208.23kWh
Battery pack mass 1M, 1062.40 kg
Operating empty mass M,. 865.37kg

Takeoff mass M, 2272.65 kg

Wing loading Ye 771.44 N m ™2

Power loading > 0.091NW~!

. o
Empty weight fraction W 0.38

This battery sizing procedure updates the battery
efficiency and temperature every second, using the cal-
culated resistance and current from the electrical and
thermal functions based on the given aerodynamic power
requirements. By integrating the energy over time and
considering the partial weight in the AEA, the battery
pack size and takeoff weight can be determined. The
process iterates until the sizing results satisfy all con-
straints.

The sizing results for the retrofit Cessna 172 using
the Samsung 35E battery with a packing efficiency of 0.8
are detailed in Tab. II. The maximum range achievable is
118.50 km, requiring a battery pack size of 208.23 kW h.
The battery power and efficiency over the whole flight
mission of the designed AEA at ambient temperature
25°C' are shown in Fig. 7. It can be observed that due
to the lower power requirement during the cruise and
reserve phases, the battery efficiency is higher compared
to the takeoff and climbing phases. However, during
the reserve phase, the SOC becomes low, leading to
increased battery cell resistance and, consequently, a
significant drop in efficiency. Compared to the battery
sizing method in [6], which assumes a constant battery
efficiency of 96% and can achieve a maximum range
of 133km with a battery pack size of 206.95kW h
using the same battery cell type, the AEA sizing method
using the electro-thermal battery cell model yields a
maximum achievable range that is 10.9% lower due to
the actual lower battery efficiency, with an average value
of approximately 92.70% throughout the flight mission.
This demonstrates that battery efficiency plays a crucial
role in the AEA sizing outcome.

According to the discussion in Sec.II-A, high tem-
peratures can lower the resistance at the same SOC
and current conditions, thereby improving efficiency.
Hence, the efficiency profile of the designed AEA under
varying battery cell operating temperatures during the
flight mission is shown in Fig. 8. The BTMS is assumed
to function effectively, maintaining a constant cell am-
bient temperature throughout. It can be observed that
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low temperatures lead to higher total resistance in the
battery, resulting in a reduction in efficiency. The average
efficiency throughout the entire flight mission is 92.74%
at 30°C' and 92.49% at 15°C), respectively. Therefore,
when designing the BTMS, it is advisable to moderately
increase the target temperature to improve operational
efficiency. However, this approach presents a trade-off,
as higher temperatures can accelerate battery aging and
lead to increased internal resistance over time.

IV. CONCLUSION

In conclusion, an electro-thermal battery cell model
integrated sizing method for small, short-range AEAs,
using a commercial aircraft as a reference, has been out-
lined. This method enables the determination of battery
size for a 4-seater AEA based on specified top-level de-
sign parameters. It establishes an analytical relationship
between power profiles across different flight phases,
weight components contributing to takeoff weight, and
a set of design constraints. Varying battery efficiency
over the entire flight mission is considered based on
an electro-thermal battery cell model. The battery ef-
ficiency observed under different ambient temperatures
demonstrated that the BTMS can be designed to increase
the target operating temperature to optimize battery cell

performance while improving overall efficiency without
compromising battery lifetime and safety.
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