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Abstract. In recent years, electric airplanes have become a topic of great interest for the aeronautical community. From
small unmanned aerial vehicles to manned light sporting aircraft, this emerging segment is quickly gaining space in the
aviation market. However, the study of electric aircraft performance is still being established. Since the propulsion system
is different from internal combustion engines, performance characteristics and operational issues can differ significantly
from that of regular aircraft. These particular aspects must be taken into account when preparing the operation. In this
paper, procedures for obtaining estimates of electrical energy consumption for mission and flight planning are presented.
These estimates are critical to assess mission feasibility, safety margins, costs, etc. The method is based on approximate,
analytical solutions, allowing quick calculations, which is convenient for the task, and can also be employed during the
conceptual design phase.
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1. INTRODUCTION

Electric propulsion has arisen as a possible solution to aviation pollution and noise problems, since electric motors can
function with nearly zero emissions in situ, and low noise levels. This type of propulsion usually consists of propellers
or ducted fans driven by electric motors. Its development started during the 1950s, initially with small model aircraft and
UAVs, and more recently with motor gliders and light sporting aircraft (LSA).

The emerging market for manned electric aircraft is currently comprised of personal sporting airplanes and gliders,
such as the Taurus Electro (Pipistrel, 2007) or the Arcus-e (Schempp-Hirth, 2012). However, light electric training aircraft
are expected to become operational and occupy a market share in the near future, due to the rising cost of aviation fuel
(Moore and Fredericks, 2014). With more and more restrictions being imposed on pollutant emissions and noise, leading
aircraft manufacturers and research institutions are also turning their attention to the development of electric and high-
efficiency airplanes – so called “green aircraft”.

Boeing Co. has funded the development of a hybrid-electric airplane (Boeing, 2015). Airbus Group has developed the
all-electric E-Fan and is currently involved in the design of the new hybrid-electric E-Fan X (Airbus, 2018). NASA has
been researching electric aircraft and distributed propulsion (NASA, 2017), and the German Aerospace Center (DLR) has
successfully developed and flown the HY4, powered solely by a hydrogen fuel cell system (DLR, 2016). In academia,
there is significant effort to improve electric propulsion technologies, and also to understand how it affects the overall
aircraft performance.

Among important works, Hepperle (2012) studied range capabilities and limitations imposed by current battery tech-
nology. Sachs (2012) showed that the performance of an all-electric aircraft differs significantly of a comparable vehicle
with air-breathing propulsion. Traub (2011) analyzed the impact of the Peukert effect on the range and endurance of
electric aircraft powered by batteries, and provided ways for estimating those performance characteristics. Furthermore,
since electric aviation is a relatively new field, the performance models are still being established.

In this paper, an analytical method to obtain estimates of electrical energy consumption for mission and flight planning
is presented, with a case study involving an electric motor glider currently under development. Obtaining these estimates
is a standard procedure in aviation, since they are critical to assess mission feasibility, safety margins, costs and estimated
times for flight scheduling. The energy approach is useful for comparing the performance of electric aircraft with those
equipped with internal combustion engines (ICEs), as well as for estimating battery or fuel cell mass during the conceptual
design phase. It is also useful for obtaining mission cost estimates due to electric energy consumption.
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2. METHOD

The proposed method is based on approximate analytical solutions to calculate electrical energy consumption esti-
mates. These solutions allow quick computations, which is convenient for the task of mission planning, and for the
conceptual design phase of an electric aircraft. Since the goal is estimating energy consumption, and not directly control-
ling the plant, there is no need to deal with the dynamic model based on differential equations.

2.1 Aircraft and propulsion models

The aerodynamic force acting on the aircraft can be broken down in two components, the lift L and the drag D, such
that:

L =
ρV 2

2
SCL (1)

D =
ρV 2

2
SCD (2)

where ρ is the air density; V is the aircraft velocity; S is the wing reference area; and CL is the dimensionless lift
coefficient. CD is the dimensionless drag coefficient, and can be modelled as a quadratic function of CL, as show by Eq.
(3), where CD0

is the zero lift drag coefficient, and k is the lift-dependent drag constant.

CD = CD0
+ kC2

L (3)

The propulsion system of a propeller-driven, electric aircraft can be modeled by the following equations (Sachs, 2012):

Pel = Pmax
el δm (4)

T =
ηPmax

el

V
δm (5)

Equation (4) states that the motor electric power Pel is proportional to the normalized throttle opening δm (0 ≤ δm ≤
1), controlled by the pilot. Hence, the pilot selects a fraction of the maximum electric power Pmax

el by defining the input
δm. Equation (5) states that the available thrust force T is proportional to δm and a total efficiency coefficient η, and
inversely proportional to the aircraft velocity V .

The coefficient η combines the efficiency of all elements in the propulsion system, especially the motor and propeller
efficiencies. It varies with the aircraft velocity V and the propeller rotational speed Ω, with both values V and Ω being
usually described in the aircraft operation manual. For conceptual design purposes, the propeller efficiency ηpr values
for each flight phase can be found in references such as (Torenbeek, 1982) or (Stickle and Crigler, 1941). The motor
efficiency should be provided by the manufacturer, but if data is not available, or the motor has not yet been defined, its
efficiency ηm can be assumed to be some value between 0.85 and 0.95 (modern DC brushless electric motors can achieve
efficiencies of up to 98%). The total efficiency can be calculated from Eq. 6.

η = ηpr · ηm (6)

Many calculations use the stall speed Vs as a parameter, as shown by Eq. (7):

Vs =

√
2W

ρSCLmax

(7)

where W is the aircraft weight and CLmax is the maximum lift coefficient. Vs is the minimum velocity that an aircraft can
keep when in leveled flight, and it is reached when the lift coefficient CL is at its maximum value, CLmax . It should be
noted that Vs changes with aircraft weight, altitude (because ρ decreases with increasing altitude) and CLmax , which can
be increased with flap deflection.
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2.2 Ground roll and takeoff

The ground roll phase is predominantly transient, especially for a propeller driven airplane. The aircraft accelerates
from zero velocity until reaching the liftoff speed VLO, when the main landing gear loses contact with the ground. During
this phase, the acceleration with respect to the ground agr is:

agr =
g

W
[T −D − µ(W − L)] (8)

where g is the acceleration of gravity; µ is the friction coefficient between the aircraft and the ground. Despite the presence
of non-stationary phenomena, a reasonable approximation can be obtained by considering the term [T −D − µ(W − L)]
constant and equal to its value when V = 0.7VLO (Anderson, 1999). Considering this approximation, the ground roll
distance sgr for a small aircraft is:

sgr = VLO

{
WVLO

2g

[
1

T −D − µ(W − L)

]
+ 1

}
(9)

Since the acceleration agr is assumed constant, then the ground roll time ∆tgr is:

∆tgr =

√
2sgr

agr
(10)

During the ground roll, takeoff, and the initial climb phase, the normal procedure requires the pilot to keep the power
at maximum value, i.e., δm = 1 (FAA, 2018). Therefore, the electrical energy spent during the ground roll phase Egr can
be obtained by multiplying Eq. (4) by the result of Eq. (10):

Egr = Pmax
el ·∆tgr (11)

The liftoff speed VLO is given by the manufacturer in the aircraft operation manual. If the calculations are being made
for the conceptual design, the liftoff speed can be estimated as VLO = 1.15Vs, with Vs corresponding to the flap deflection
being used for take-off. The drag force D in Eqs. (8) and (9) must be calculated by taking into account the ground effect
and drag increase due to flap deflection and landing gear extension. In this case, a modification of Eq. (3) can be used
(Anderson, 1999):

CD = CD0
+ ∆CD0

+ k′C2
L (12)

The zero lift drag increase ∆CD0 can be estimated according to Eq. (13), where mmax is the aircraft maximum mass,
in kilograms, and Kuc is a constant such that Kuc = 5.81× 10−5 for zero flap deflection, and Kuc = 3.16× 10−5 for full
flap deflection – intermediate cases can be found through linear interpolation.

∆CD0
=
W

S
·Kuc ·m−0.215max (13)

The modified lift-dependent drag constant k′ can be estimated according to Eq. (14), where k1 is the term related to
the viscous drag, h is the average height of the wing above the ground, b is the wingspan, e is the wing Oswald factor, and
AR is the wing aspect ratio. Methods for estimating k1, or the other parameters during conceptual design can be found in
references such as (Raymer, 2006) or (Torenbeek, 1982).

k′ = k1 +
(16h/b)2

1 + (16h/b)2
· 1

π · e ·AR
(14)

2.3 Climb

For calculation purposes, we consider that the climb phase begins soon after lift off, i.e., after the main landing
gear loses contact with the ground, and lasts until the aircraft reaches the cruise altitude – for safety purposes though,
regulations state that the climb phase begins after the aircraft has cleared a minimum height of 35 ft. Since the transient
effects are less pronounced, the steady state approximation yields good results (Anderson, 1999). During this phase, the
normal procedure in general aviation is to use the elevator control (stick) to regulate velocity and the throttle control to
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regulate the rate of climb (FAA, 2018). The climb velocity Vcl can also be defined in function of the stall speed, and is
usually recommended in the aircraft manual. The climb performance of an electric aircraft is discussed in more detail
in (Barufaldi et al., 2019), where an expression for the energy spent during climb Ecl as a function of CL and δm was
formulated, as shown here in Eq. (15):

Ecl =
Pmax

el δm∆h

ηPmax
el
W δm −

√
2WC2

D0

ρS C
−3/2
Lcl

−
√

2Wk2

ρS C
1/2
Lcl

(15)

In Eq. (15) the air density value is the average between the surface and the cruise altitude values. The lift coefficient
during the climb phase can be found according to Eq. (16):

CLcl =
2W

ρSV 2
cl

(16)

The climb begins with full power (δm = 1) until a certain height, usually 500 ft in general aviation, and then the pilot
sets the throttle back to approximately 85% (δm = 0.85), depending on the aircraft weight, air density and the desired rate
of climb (RoC). The climb speed Vcl is given by the manufacturer in the aircraft operation manual, or can be estimated as
Vcl = 1.2Vs.

2.4 Cruise

During cruise, the aircraft keeps leveled flight, maintaining a desired altitude, for which the air density value is ρcr.
The cruise velocity Vcr can be selected in function of the mission goals, such as minimum time, maximum range, or could
be imposed by air traffic control (ATC). In any case, the cruise velocity will determine the value of CL because of the
relation L = W , that is, weight equals lift:

CLcr =
2W

ρcrSV 2
cr

(17)

In this equilibrium condition, drag equals thrust. From Eqs. (5) and (2), T = D yields:

δmcr =
ρcrV

3
crSCDcr

2ηPmax
el

(18)

Equation (18) gives the necessary throttle opening to trim the aircraft in cruise flight, for a given altitude and velocity.
CDcr is the drag coefficient for cruise, obtained by substituting the result of Eq. (17) into Eq. (3). The cruise time ∆tcr
can be found from Eq. (19):

∆tcr =
scr

Vcr
(19)

where scr is the distance to be traveled while in cruise, obtained from navigation calculations. Finally, the total electrical
energy spent during cruise phase Ecr can be calculated as shown in Eq. (20):

Ecr = Pmax
el · δmcr ·∆tcr (20)

The velocity for maximum range is attained for the lift coefficient C∗L, shown in Eq. (21) (Kaptsov and Rodrigues,
2018):

C∗L =

√
CD0

k
(21)

2.5 Loiter

A loiter phase takes place if the aircraft needs to overfly an area, for a specific mission or to wait for ATC clearance.
The aircraft usually follows a smooth flight pattern, such that it can be considered as leveled steady flight, maintaining a
desired altitude, for which the air density value is ρltr. The loiter velocity Vltr can be selected in function of the mission
goals, such as maximum endurance, or be imposed by ATC. In any case, the loiter velocity will determine the value of
CL because of the relation L = W .

The lift coefficient during loiter CLltr can be obtained from Eq. (17) with Vltr, and the throttle opening δmltr can be
obtained from Eq. (18), with loiter data. Finally, the total electrical energy spent during loiter Eltr can be obtained with
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Eq. (20), by using loiter data – the loiter time ∆tltr is specified by the mission planner or ATC. In case the aircraft is not
restricted by mission velocity requirements or ATC, the lift coefficient for maximum endurance can be obtained from Eq.
(22) (Kaptsov and Rodrigues, 2018):

CLltr =

√
3CD0

k
(22)

2.6 Descent

The descent phase occurs whenever the aircraft needs to decrease its altitude, either to change flight level or to prepare
to land at its destination. It can happen continuously or in several steps. Whichever way, the pilot adjusts the airspeed by
controlling the attitude of the aircraft and regulates the rate of descent by adjusting the throttle opening. For most small
propeller-driven airplanes, descents are conducted by setting the throttle to idle position, in such a way that the thrust
produced by the propeller can be neglected. In this case, the descent slope can be calculated according to Eq. (23):

|γ| ≈ CD
CL

(23)

Thus, the vertical velocity, or rate of descent can be calculated as shown in Eq. (24):

Vz ≈ Vdes

(
1
L/D

)
(24)

where the parameter L/D is the glide ratio (aerodynamic efficiency) at this condition, and Vdes is the velocity during
descent, usually stated in the aircraft manual. For small airplanes or motor gliders, the descent velocity is equal or
relatively close to cruise speed, and could be estimated to being equal to the best power-off glide speed, obtained from
T = D, with CL = C∗L, the value shown in Eq. (21). It is worth noting that the glide ratio and the velocity depend on
each other. Therefore, the time to descend an altitude variation ∆h can be calculated according to Eq. (25):

∆tdes =
∆h

Vdes

(
L

D

)
des

(25)

Finally, the electric energy spent during descent is obtained from Eq.

Edes = Pmax
el · δmdes ·∆tdes (26)

where δmdes is the throttle opening to be kept during the descent phase – usually the idle position, described in the aircraft
or the motor manual. However, since electric motors can be easily shut down and restarted, the descent phase can be
conducted with no power whatsoever, that is, δmdes = 0, in order to save energy. The electric energy spent during landing
can be neglected, since landing time is small, and the throttle is usually kept at idle or a low value.

3. RESULTS AND DISCUSSION

3.1 Aircraft parameters

The aircraft model of the CENIC C-1 (Fig. 1) will be used to exemplify the method and provide a quantitative insight
to it. It is an all-composite electric motor glider being developed at CENIC Engineering, a company located in São José
dos Campos, Brazil, and features a Enstroj EMRAX brushless DC motor, with a folding carbon fiber propeller, custom-
made by Electravia in France. The motor is powered by lithium-polymer batteries. Relevant parameters are shown in
Table 1 1.

3.2 Case study: air taxi flight

An air taxi flight is defined as is a short flight made on demand by small commercial aircraft. A typical air taxi flight
profile is illustrated in Fig. 2: the aircraft rolls, takes off, climbs until cruising altitude, travels along its route, then
descends and lands. This flight profile is a simple example of a light transportation mission or an aircraft transference
from one aerodrome to another, and it does not incorporate eventual altitude changes required by ATC.
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Figure 1. C-1, an electric motor glider currently being developed at CENIC Engineering, in São José dos Campos, Brazil.

Table 1. CENIC C-1 motor glider relevant technical data.

Parameter Value Unit
Wing span (b) 15 m
Wing area (S) 12.5 m2

Wing aspect ratio (AR) 18 −
Max. take-off mass (mmax) 430 kg
Zero-lift drag coefficient (CD0

) 0.011 −
Lift-dependent drag constant (k) 0.021 −
Motor maximum electric power (Pmax

el ) 30 kW
Stall speed at sea level (for mmax) 70 km/h
Maximum glide ratio (max. L/D) 32.9 –

ground roll

climb

cruise

descent
landing

Figure 2. Air taxi flight typical profile.

The mission starts with the aircraft described in Sec. 3.1 taking off from a regular paved runway, for which the friction
coefficient is µ = 0.04 (Raymer, 2006), at sea level. The ground roll initiates with full power (δm = 1) and proceeds until
take-off, that is, the moment that the lift-off speed (VLO) is reached. The climb phase is assumed to start shortly thereafter,
with 85% of the maximum power (δm = 0.85). The aircraft then climbs until reaching an altitude of 4000 ft.

The cruise phase takes place after the desired altitude is reached. The airspeed is 110 km/h, and it is maintained
throughout the course of 50 km. The vertical of the destination aerodrome is located at the final point of the cruise leg.
The airplane then starts a smooth, descending spiral, until final approach and landing. For the sake of simplicity, the
descent is assumed to end at the runway level, and the energy spent during landing is not accounted for, such as described
in Sec. 2.6. During this last phase, the aircraft maintains an airspeed of 90 km/h, and the throttle is kept at idle.

The calculations employ the formulas presented in Sec. 2., and the results are shown in Table 2. The total flight time
is approximately 57 minutes, which is within the limits of the C-1 batteries. The total electric energy spent during flight
is 7.8 kWh. It is worth noting that the energy consumed to climb 4000 ft is very high when compared to the total, which
highlights the fact that the climb phase is very demanding to the propulsion system.

The descent phase takes a long time to finish, almost as long as the cruise. This was chosen on purpose, to illustrate
the fact that an aerodynamically efficient aircraft can have a high power-off glide ratio – in this case, the glide slope
during descent is only -1.8°, as show in Table 2. Although not common for small general aviation aircraft, this descent
pattern is usual for gliders and motor gliders. The electric motor could have been turned off, because of the aircraft’s
high aerodynamic efficiency, and the fact that an electric motor can easily be restarted, another advantage of this type of
aircraft. One way to reduce the descent time is to use spoilers, which increase drag and considerably lower the L/D ratio
– in this case, to account for the spoiler drag, another term ∆CD0 should be added in Eq. (3).

1Values kindly provided by the engineering team at CENIC.
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Table 2. Calculation results for the air taxi flight, with the CENIC C-1 model.

Phase Parameter Value Unit
VLO 76 km/h
agr 2.45 m/s2

Ground roll sgr 112.5 m
CLgr 1.25 –
∆tgr 9.6 s
Egr 79.9 Wh
∆h 4000 ft
Vcl 83 km/h

Climb CLcl 1.1 –
∆tcl 4.2 min
Ecl 2.38 kWh
scr 50 km
Vcr 110 km/h

Cruise CLcr 0.67 –
∆tcr 27.3 min
Ecr 2.76 kWh
Vdes 90 km/h
γ −1.8 degrees

Descent CLdes 1 –
∆tdes 25.4 min
Edes 2.58 kWh

4. CONCLUSIONS

This work has presented a method based on approximate analytical solutions to calculate energy consumption esti-
mates for electric aircraft mission planning. The method can also be employed for conceptual design estimations. The
analytical expressions allow quick calculations, which is efficient and convenient. The usage of electric energy also allows
engineers to estimate battery or fuel cell mass, and energy costs and its impact on total operational costs. Since the perfor-
mance models of electric aircraft are still being established, the presented method could help research groups to conduct
comparisons with conventional aircraft equipped with internal combustion engines. In order to exemplify the method
and provide quantitative insight, calculations were made based on a real aircraft model. For future works, more detailed
propulsion models could be employed, ones that include propeller data. Another suggestion for future contributions could
be the inclusion of power sources particular phenomena, such as the variation of battery voltage with current draw.
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