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Abstract

All-electric aircraft have higher efficiencies and produces less noise, greenhouse gases, and pollution
than conventional aircraft. Thirty-four all-electric and hybrid aircraft were analysed. Results show that
most have one or two seats, use DC brushless motors with a power between 10 and 250 kW, MTOW is
between 170 and 2 494 kg, maximum speed is between 40 and 339 knots, and endurance is between 0.3
and 117 hours. LiFePQ, batteries provide the highest cycles and energy density, while the highest
specific energy is obtained with LiCoO; batteries. Battery technology is improving and will be a key in
the future.

1. Introduction

Population growth, resource depletion, pollution, and climate change are the World’s biggest threats and are having a
great impact on air transportation. Aviation consumed about 17 billion gallons of fuel in 2016 (US carriers) [1]; emitted
781 million tons of CO- in 2015 [2]; generated noise which disturbs sleeping, produces health effects, and decreases
home value [3]; and general aviation uses Tetraethyl Lead which damages the central nervous system, kidneys, red
blood cells, immune and cardiovascular system, reduce learning, and seems to be carcinogen [4]. Many developments
have been done in biofuels, improving propulsion system, and others. But limits in the supply of biofuels and
efficiencies of current engines makes necessary to look for new technologies. All-electric aircraft have higher
efficiencies; are more reliable; and produces less noise, greenhouse gases, and pollution; but the low specific energy
of the available batteries makes it necessary to find new battery technologies and improve aircraft design. This paper
aims to evaluate the state of art of all-electric aircraft and evaluate the different battery technologies available.

Several authors have investigated all-electric aircraft. Riboldi and Gualdoni [5] stablished a standard procedure for the
preliminary sizing of electric aircraft. They used a database of eight small electrical aircraft already flying in 2016 to
obtain some correlations for the take-off and empty weight, and for the weight and power of the electric motor. The
weight of the battery is estimated by computing the energy required for the various flight phases. This procedure is
validated by the possible design of two aircraft: a motor-glider and an acrobatic, bearing realistic results.

Gohardani, Doulgeris and Singh [6] pointed out that air transport of the 21% century is no longer limited only to
technological constraints, but also to environmental restrains. They considered an all-electric aircraft combined with
distributed propulsion (three engines or more) as one environmental propulsion option for future commercial aircraft.
Distributed propulsion decreases noise, take-off and landing distance, and specific fuel consumption [6]. NASA"s
distributed electric propulsion experiments with 18 electric motors along the wing span and powered by LiFePO4
batteries have shown high lift coefficients at low velocities without the pitching moments present in high-lift devices
[7]. Rajagopalan [8] designed a four-seat general aviation electric aircraft, and performed a parametric study of the
effect of lift-to-drag ratio, flight speed, and cruise altitude on required power and battery capacity.

2. Materials and Methods

Thirty-four aircraft were analysed. Most of them were all-electric aircraft, but there were also some solar and fuel cell
aircraft. Most of the technical information was obtained from the manufacturer’s website, but other online sources
were also assessed. There was an incoherence in the reported empty weight. Some of the manufacturers or authors
included the weight of the motor and the batteries in the empty weight. According to Raymer [9], the empty weight in
a conventional aircraft does not include payload, crew and fuel. In all-electric aircraft, the fuel is the battery. Riboldi
& Gualdoni [5] considered the empty weight as everything except for the payload, battery and motor. In this work, the
empty weight does not include the payload, crew, battery, and motor. Whenever the payload is not reported, it is
assumed as the number of seats times 70 kg.
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3. Results

Table 1 shows the main specifications of some all-electric aircraft and some hybrid aircraft.

Table 1: Main specifications of some all-electric and hybrid aircraft.

Electric MC30 Firefly EADS PC Aero- Electra
Electraflyer Lazair [11], [15], [16], [17], Cri-Cri[20], E-Cristaline Cri- Electraflyer-C ~ One [28], [29],
Units Trike [10] [12], [13], [14] [18], [19] [21], [22], [8] Cri [23], [24] [25], [26], [27] [30], [31]
Category VLA? VLA VLA VLA VLA VLA VLA
Energy Source Battery Battery Battery Battery Battery Battery Battery
Seats 1 1 1 1 1 1 1
Turnigy CA120
150 kv
Brushless E-MOTOR GMPE
Motor Type DC Brushless Outrunner Brushless 104 HPD 13.5
Power kw 13 10 19 11 25.6 1341 16
Weight kg 11.7 15.9 5.4 10 10 4.7
Number 1 2 1 4 2 1 1
RPM RPM 1800 4500 2800
Voltage \Y% 100 30-70 100
Current A 200 250 5
Propeller  Length m 1.35
Battery Capacity kWh 5.6 4.7 3 5.6 5.8
Specific
Energy Wh/kg 0.16 125 0.16
Specific Power  W/kg
Weight kg 35 53 26.1 24 35.3 100
Life Cycles
Type and name Zippy Li-Po® Kokam Li-Po Li-Po Li-Po Li-lon
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Electric MC30 Firefly EADS PC Aero- Electra
Electraflyer Lazair [11], [15], [16], [17], Cri-Cri[20], E-Cristaline Cri- Electraflyer-C ~ One [28], [29],
Units Trike [10] [12], [13], [14] [18], [19] [21], [22], [8] Cri [23], [24] [25], [26], [27] [30], [31]
Weight Empty kg 65 44 80 76 172 100
Payload kg 70 70 70 70 70 70 100
MTOW kg 182 170 183 176 170 284 300
Wing Span m 10 11 6.8 49 49 10.08 8.6
Area m? 16-17 4.6 334 14,6 6.4
Aspect Ratio 10.35 18 11.65
Fuselage  Length m 4.3 3.9 3.9 13.4
Maximum Wing Loading kg/m? 44 54
Speed Stall knots 18 19
Stall m/s 9 10
Cruise knots 32 35 87 100 61 86
Cruise m/s 17 18 45 51 31 44
Maximum knots 118 122 141 78
Maximum m/s 61 63 72 40
Endurance h 15 13 4.6 0.5 1.7 15 3
Range km 7 800 463 462 169 400
Lynch-type
motor,
controller Pulse width
and battery modulation
JetiSpin OPTO from electronic
Controller 300 controllers Electravia control speed

aVery Light Aircraft, PLithium-polymer
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Table 1 (cont.): Main specifications of some all-electric and hybrid aircraft.

Yuneec E-  Yuneec E430  Yuneec  Pipistrel Taurus Pipistrel Pipistrel
Silent 2 spyder [34], [38],[39], Eviva[41l], Electro G2[43], AlphaElectro- Panthera E-genius
Units  [32], [33]  [35], [36], [37] [40] [42] [44], [45] WattsUP [46]  Electro [47] [48], [49]
Category Motor glider VLA VLA ’g\;/:iodt:rr Motor glider VLA General Motor glider
Energy Source Battery Battery Battery Battery Battery Battery Battery Battery
Seats 2 1 2 2 2 4 2
Motor Type Siemens AG
Power kw 22 20 40 40 40 85 145 59
Weight kg 7 7 19 23 11 14 45
Number 1 1 1 1 1 1 1
RPM RPM 4500 1800 -2 200 2200
Voltage \% 116 74 230
Current A 70 30-40
Propeller  Length m 1 1.65 1.65 1.60
Battery Capacity kWh 4.4 31.2 4 17 56
Specific
Energy Wh/kg 270 2.4 153.7 113.1 205
Specific Power  W/kg 801 925.4
Weight kg 33 26 110 67 42 126 272
Life Cycles 1500
Li-Po
Type and name Kokam 18 Li-Po 36 Li-Po 36 Li-Po Li-Po
Weight  Empty kg 138 179 207 225 253 237 485
Payload kg 100 70 220 140 197 173 140
MTOW kg 300 282 476 455 450 550 1315 938
Wing Span m 135 10.13 13.8 17 14.97 10.5 10.86 16.8
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Yuneec E-  Yuneec E430  Yuneec  Pipistrel Taurus Pipistrel Pipistrel
Silent 2 spyder [34], [38],[39], Eviva[41l], Electro G2 [43], AlphaElectro- Panthera E-genius
Units  [32],[33]  [35], [36], [37] [40] [42] [44], [45] WattsUP [46]  Electro [47] [48], [49]
Area m? 9 14.6 114 14.2 12.3 9.51 11.2 12.3
Aspect Ratio 20 18.6 11.3 24
Fuselage  Length m 6.34 5.91 6.98 7 7.27 6.5 8.07
Maximum Wing Loading kg/m?
Speed Stall knots 35 24 35 35 37 60 45
Stall m/s 18 13 18 18 19 30 23
Cruise knots 32 52 86 59 85
Cruise m/s 17 27 44 30 43
Maximum knots 118 59 82 123 80 135 220
Maximum m/s 61 30 42 63 41 69 113
Endurance h 1 2 13 0.5 1 25
Range km 60 225 206 200 200 400 322
Yuneec
Power
Controller Drive 40
Table 1 (cont.): Main specifications of some all-electric and hybrid aircraft.
Bye Cessna 172 Sonex E-Flight Pipistrel San José State
[50], [51], [52], [53], Antares [57], [58], [59], Taurus G4 University Designed  TriFan 600
Units [48], [54], [55] 20E [56]  Alatus [60], [61] [62], [63], [64] ArcusE Aircraft [8] [65], [66]
Motor Motor
Category General glider General Motor glider glider General
Energy Source Battery Battery ~ Battery Battery Battery Battery Battery
Seats 2 1 1 4 2 4 6
DC DC HTS900
Motor Type UQM 125 brushless GMP102 DC brushless brushless DC brushless
Power kW 125 42 54 150 42 160 250
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Bye Cessna 172 Sonex E-Flight Pipistrel San José State
[50], [51], [52], [53], Antares [57], [58], [59], Taurus G4 University Designed  TriFan 600
Units [48], [54], [55] 20E [56]  Alatus [60], [61] [62], [63], [64] ArcusE Aircraft [8] [65], [66]

Weight kg 19 70 22.6 90 153

Number 1 1 1 1 1

RPM RPM 1500 5500 1500

Voltage \% 212-288 220 325 190-288

Current A 200 160
Propeller  Length m 1.00 2.00 1.58 1.83
Battery Capacity kWh 3 145 90 135

Specific

Energy Wh/kg 136 180 270

Specific

Power Wi/kg 794

Weight kg 47 80 24 90 500 504

Life Cycles 3000

Li-ion Li-ion

Type and Saft Saft

name Li-Po VL41M Li-Po 17 Li-ion cells Li-Po VL4IM Li-Po
Weight  Empty kg 543 441 418 632 1166

Payload kg 140 0 70 70 280 140 364 1000

MTOW kg 679 661 600 680 812 1750 2494
Wing Span m 11 20 10.87 21.36 20 13 11.6

Area m? 16 12.6 12 12.33 15.6 17

Aspect Ratio 7.5 31.7 18.6 25.6 10
Fuselage  Length m 8.3 74 6.2 7.40 8.73 8.2 12
Maximum Wing Loading  kg/m? 52 52 103
Speed Stall knots 52 40 43 45 61

Stall m/s 27 20 22 23 31
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Bye Cessna 172 Sonex E-Flight Pipistrel San José State
[50], [51], [52], [53], Antares [57], [58], [59], Taurus G4 University Designed  TriFan 600
Units [48], [54], [55] 20E [56]  Alatus [60], [61] [62], [63], [64] ArcusE Aircraft [8] [65], [66]

Cruise knots 129 99 108 339

Cruise m/s 66 51 55 174

Maximum knots 163 112 116 135

Maximum m/s 84 58 60 69
Endurance h 2 11 2.75 4 4.4
Range km 177 264 400 800 2779
Controller

Table 1 (cont.): Main specifications of some all-electric and hybrid aircraft.
Eco-Eagle ERAU Diamond, Siemens & Boeing’s Fuel Cell E-Fan 2.0
(Stemme S10) [48], EADS (HK36 Dimona) Antares H3 ~ Sky-Spark  Plane (Dimona) [74], [75],
Units [67], [68], [69] [70] [8], [71] [72] [73] [76]
Category Motor glider Motor glider Motor glider General Motor glider General
Energy Source Battery and gas Battery and gas Fuel cell Fuel cell Fuel cell (PEM°®) Fuel cell
Seats 2 2 0 2 2 2
Brushless DC
Rotax 912 ULS & UQM Power Phase

Motor Type electric SKP-VAL2 75

Power kW 29 (electric) 70 36 64 48 60

Weight kg 33

Number 2 1 1 1 2

RPM RPM 8000

Voltage \Y

Current
Propeller  Length m
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Eco-Eagle ERAU Diamond, Siemens & Boeing’s Fuel Cell E-Fan 2.0
(Stemme S10) [48], EADS (HK36 Dimona) Antares H3 ~ Sky-Spark  Plane (Dimona) [74], [75],
Units [671, [68], [69] [70] [8], [71] [72] [73] [76]
Battery Capacity kWh 150 7.5 29
Specific
Energy Wh/kg 174
Specific Power  W/kg
Weight kg 90 167
Life Cycles
2982 Li-
Type and name Li-Po Li-ion ion
Weight Empty kg 753 293
Payload kg 140 200 409 140
MTOW kg 1075 1255 530 770 600
Wing Span m 229 23 24.7 16.3 11
Area m? 10
Aspect Ratio
Fuselage  Length m 8.22 8.73 6.25 5.67
Maximum Wing Loading kg/m?
Speed Stall knots 45
Stall m/s 23
Cruise knots 86 64 135 54 149
Cruise m/s 44 33 69 27 7
Maximum knots 134 160
Maximum m/s 69 82
Endurance h 2 50 2 0.33 11
Range km 322 5998 499 304
Controller

°Proton Exchange Membrane
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Table 1 (cont.): Main specifications of some all-electric and hybrid aircraft.

Solar Impulse 2 PC Aero- PC Aero- PC Aero-Electra PC Aero-Electra
[771, [78], [79], Electra One Electra Two  Two Standard 14 m  Two Standard 17 m
Units  [80], [81], [82] Solar [83] Record [84] wing span [84] wing span [84]

Category VLA VLA VLA VLA
Energy Source Solar Solar Solar Solar Solar
Seats 1 1
Motor Type HPD 13.5

Power kw 52 16 16 40 40

Weight kg 4.7

Number 4 1

RPM RPM 525

Voltage \% 300

Current A
Propeller  Length m 4.00
Battery Capacity kWh 154 5.8

Specific

Energy Whlkg 260

Specific Power  W/kg

Weight kg 633 100 80 100 100

Life Cycles

Type and name Kokam Li-Po Li-lon
Weight Empty kg 894 100 140 200 200

Payload kg 70 100 150 180 180

MTOW kg 2300 300 350 350 350
Wing Span m 72 11 17 14 17

Area m? 8.2 19 15 19
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Solar Impulse 2 PC Aero- PC Aero- PC Aero-Electra PC Aero-Electra
[77], [78], [79], Electra One Electra Two  Two Standard 14 m  Two Standard 17 m
Units  [80], [81], [82] Solar [83] Record [84] wing span [84] wing span [84]
Aspect Ratio 14.7 15 13 15
Fuselage  Length m
Maximum Wing Loading kg/m?
Speed Stall knots
Stall m/s
Cruise knots 37 75 43 75 64
Cruise m/s 19 38 22 38 33
Maximum knots 40
Maximum m/s 21
Endurance h 117 8 20 5 8
Range km 8095 1000 2000 500 700
Controller
Table 2 shows the specifications of commercially available battery chemistries.
Table 2: Specifications of commercially available battery chemistries.
Pb  NiMH LiCoO2 LiMn,Os LiFePOs Zinc-air  Li2S/Si
Specific energy (Wh/kg) 40 90 170 120 110 442 630
Energy density (Wh/L) 80 260 250 250 320
Cycles (80% discharge) 250 400 800 800 1500

10
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4. Discussion

Results show that most of all-electric aircraft have one or two seats, except for the Pipistrel Taurus G4 (4 seats), the
San José State University designed aircraft (4 seats), the Trifan 600 (6 seats), and the Pipistrel Panthera (4 seats). The
Pipistrel Taurus G4 has a specific fuel consumption of 649 km-passenger per equivalent gallon of fuel. Most of them
use DC brushless motors due to their higher efficiency and lower maintenance [48]. Their power is between 10 kW
(Electric Lazair) and 250 kW (Trifan 600). The Trifan 600 and the San José State University are still conceptual
designs. The aircraft with the most power motor flying is the Pipistrel Taurus G4, with a single 150 kW motor.

Most of them use Li-ion and Li-Po batteries. Li-Po batteries are Li-ion batteries with a dry or gel polymeric ionic
membrane which serves both as electrolyte and membrane [85]. Li-Po can be built on many battery chemistries, like
LiCo0,, LiMn,04, and others. Li-ion batteries are the systems of choice in electrical mobility due to their high energy
density, lightweight, and longer lifespan than comparable technologies [86]. The highest battery specific energy was
obtained in the Silent 2 aircraft with the Li-Po batteries manufactured by Kokam (270 Wh/kg). The next highest specific
energy battery was obtained in the Solar Impulse 2 with the same type of batteries and manufacturer (260 Wh/kg). The
highest specific power battery was obtained in the Pipistrel Taurus Electro G2 with 925 W/kg.

The SkySpark, Antares H3, Boeing’s fuel cell demonstrator, and Airbus E-Fan 2 use fuel cell, which allows them to
increase their endurance and range. The Solar Impulse uses solar cells on the wing to capture energy and store it in
batteries, which allowed it to stay day and night in the air and fly across the world without fossil fuels. For example,
the SkySpark can be in the air for 2 hours and 499 km, the Antares H3 for 50 hours and 5 998 km, and Solar Impulse
2 for 117 hours and 8 095 km. The endurance of the other aircraft is between 0.33 hours (Boeing’s Fuel cell plane) and
8 hours (PC Aero-Electra One), while the range is between 60 km (Yuneec E-spyder) and 2 779 km (TriFan 600).

The empty weight is between 44 kg (MC30 Firefly) and 1 166 kg (San José State University). While the MTOW is
between 170 kg (Electric Lazair & E-Cristaline Cri-Cri) and 2 494 kg (TriFan 600). The fastest electric aircraft is going
to be the TriFan 600 with a cruising speed of 339 knots (174 m/s).

With respect to battery chemistries, LiFePO4 batteries are the ones which provide the biggest number of cycles (1 500)
while LiCoO; and LiMn;04 batteries give around 800 cycles and NiMH batteries provide around 400 cycles. The
highest specific energy is obtained with LiCoO; batteries, around 170 Wh/kg, while the LiFePOa, LiMn,O4 and NiMH
batteries give 110, 120, and 90 Wh/kg, respectively. Lithium batteries are around 40% more expensive than NiMH
batteries. The energy density of the LiFePO, batteries (320 Wh/L) is higher than the one for LiCoO; (250 Wh/L),
LiMn,04 (250 Wh/L), and NiMH (260 Wh/L) batteries. Zinc-air and Li,S/Si have not been used yet in electric vehicles.

5. Conclusions

The main specifications of thirty-four aircraft were analysed. Most of them were all-electric aircraft, but there were
also some hybrid aircraft. This work serves as a baseline for the design of new all-electric aircraft, and to develop
correlations that help to estimate the weights and the power required for an all-electric aircraft. Right now only 4
passengers can be carried out, but as the battery capacity increases more passengers can be transported. The design of
all-electric aircraft has been more toward very light aircraft and motor gliders, because of the low specific energy of
the batteries and the high efficiency of the gliders. Additionally, the gliders design allows them to stay aloft longer by
capturing the energy from rising air produced by thermals or hills. The best technologies so far for a new all-electric
aircraft design are the DC brushless motors and LiFePO4 batteries. The highest specific energy obtained in an aircraft
is 270 Wh/kg with Li-Po batteries from Kokam. Battery technology is improving and will be a key in the future of all-
electric aircraft. While the light weight, small volume, and high power and efficiency of DC brushless electric motors
are making possible new aircraft designs with higher efficiencies.
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