
Alexander Benson  1 of 10 

 

Study of Current and Near-Term Technology in Electric Aerospace 
Propulsion 

All units converted to SI units, where possible. 

Introduction  
Commercial aerospace is an industry facing: an 

environmental crisis1; the constant pressure to produce 

planes that can fly farther, on less energy; and the need 

to reduce development time. This review discusses the 

future of electric aerospace propulsion by covering the 

advantages and disadvantages of electric propulsion. It 

will also cover the direction of the industry along with 

three different motors and their performance.  

 
Figure 1: Worldwide fuel burn by aircraft type. Single and twin-aisle 
planes are predominantly commercial, from S. Farokhi [1, p. 326] 

Permanent magnet synchronous motors are the dominant 

choice in electric-aerospace propulsion2. This preference 

is due to the high power to weight ratios possible with 

high pole or high conductance motors. Permanent 

magnets do not saturate as quickly as soft-magnetic 

materials. In one example, replacing a permanent magnet 

with a soft-magnetic field rotor would require a flux 

density of 14T[2].  

 
1 Aviation accounts for up to 4% of global anthropogenic 
greenhouse gas emissions[1, p. 325] 
2 The motors in personal drones and hobbyist planes are 
excluded from this study.  
3 Blended wing bodies are not scalable. Boeing and Airbus’s 
preferred method of elongating airframes to provide market 

 

Figure 2: The state of the motor industry in 2005, from D. Johnson[4] 

A 2005 report from NASA states that the earliest motors 

capable of meeting commercial aerospace power to 

weight requirements will be “Cryogenic” or 

“Superconducting” motors[4]. As the name implies, 

superconducting motors rely on cooled superconducting 

materials to improve their performance to weight ratios. 

These predictions were followed by NASA’s N-3X 

proposal, a blended wing body proposal that could 

perform on par with a Boeing 777-200LR using 30% of the 

energy[5]. To date, superconducting motors have not 

advanced noticeably since the previously mentioned 

NASA study and N-3X proposal[6]. Similarly, blended wing 

body planes have met resistance from manufacturers, 

their priorities, and industry needs that supersede flight 

efficiency3[7].  

flexibility would disappear[7]. Given that aerospace 
manufacturing facilities are already some of the largest 
buildings in the world by volume[8], adding more complexity to 
their manufacturing lines is not an option. 
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Figure 3: NASA'S N-3X proposal. This frame geometry is an example of 
a blended or "hybrid" wing body, from Felder[5] 

The Future of Electric Aerospace 

Propulsion 

 

Figure 4: The anticipated direction of aerospace energy sources 
for the next century, from RAO, A. G.[9] 

Advantages to Electric Propulsion 
Electric motors have several attractive properties lending 

them to the aerospace industry. Compared to jet engines, 

motors are scale independent. The ability of motors to 

retain their performance over a larger range of sizes than 

turbofans (jet engines) lends itself very well to 

manufacturing. The N-3X exploited the ability to run many 

motors in parallel to exploit aerodynamics in ways that 

conventional airframes cannot[10]. The efficiency of 

today’s advanced turbofans can reach 75%, whereas 

reasonable expectations for motor efficiencies are closer 

to 97%. The thrust to weight ratio of a motor is 

significantly higher than other turbofan alternatives. 

Motors retain their efficiency in partial loading by altering 

the frequency in synchronous motors. The environmental 

 
4 Ozone excepted. 

impact of motors is a significant improvement on 

turbofans; they are quieter and a motor is a zero-

emission4 form of propulsion when connected to a 

battery[1, p. 325]. 

Disadvantages of Electric Propulsion Today 
Current energy storage devices have motors at a 

disadvantage to turbofans. Batteries are not an option for 

today’s commercial aerospace industry and other fuel 

sources. Kerosene (jet fuel) has 68 times the energy per 

unit mass of today’s best batteries5 (see Table 1 and Table 

2). Current batteries require thermal management to 

prevent ignition[1, p. 325]. Finally, batteries must be 

carried through the flight in its entirety whereas fuel is 

expended through the duration of the flight, leaving the 

aircraft lighter as it flies. 

Table 1: Anticipated battery density in 10-20 years, from S. Farokhi[1, 
p. 315] 

 

Alternatives to batteries require an intermediary 

conversion system, an engine and a generator, to convert 

chemical energy into electromechanical energy. Such 

systems are assumed to be the next step in the 

progression from a turbofan-only system to an electric 

motor-only system as demonstrated by the N-3X and 

Figure 5[11]. Generators and engines add dry weight to 

the airframe, cutting into cargo. 

5 There is some hope that those numbers will improve 
dramatically in the coming decades but the most optimistic 
solutions remain well below kerosene[1, pp. 314–315] 
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Figure 5: Alternative electric power train models, proposed by the N-3X 
team, from Bowman[11] 

Motors demand high voltage transmission for the power 

and speeds necessary for competitive propulsion[2]. 

However, breakdown voltages at high altitude[12] will 

limit the available electric potential to 1000V[2]. Figure 6 

highlights a growing trend towards electrification already 

present in aircraft however, the power supply necessary 

for aerospace propulsion is of a different order of 

magnitude, more in line with power engineering than 

systems that the aerospace is likely to be familiar with. 

Motors are likely to be mounted to the wings, where fuel 

is traditionally stored, see Figure 5, meaning that these 

high power lines will be near fuel storage. The 

combination of these factors will demand increased 

attention to power fault prevention and new approaches 

to aircraft safety. 

 

 
6 Turbo-fans with a traditional propellers and no direct thrust 
from the turbine 

 

Figure 6: A high-level electrical layout of the Boeing 787, from 
Farokhi[1, p. 313] 
 

Loss of Traditional Thrust Sources[4] 
Turbofans do not produce thrust solely through the fan 

[1, pp. 69–73]. It is estimated that the ignition of fuel and 

ejection from the turbine accounts for roughly 20% of the 

net thrust of today’s ultra-high bypass turbofans. It is 

thought that a motor could overcome this by increasing 

the power to the fan by 25%[4]. There is no evidence that 

this has been tried and compelling reasons to think that 

matching turbofan performance by increasing engine 

output not be so simple. Propellers and geared turbo-

props6 suffer from performance losses near the 

supersonic speeds that commercial jet-liners fly as close 

to as possible[1, p. 94].  

Near Future Path to Electric: Hybrid Paths[1], [5] 
Table 2: Energy densities in terms of mass, JP-4 is jet-fuel, aka 

kerosene, from S. Farokhi [1, p. 224] 

 

Liquid methane (LCH4) and liquid hydrogen (LH2) are the 

current favorites for hybrid-electric aerospace 

applications. Both fuels share certain advantages that 

lend them an edge against kerosene as a fuel source in 

hybrid electric applications. In their liquid state LH2 and 

LCH4 have cryogenic applications, meaning that they can 

be used to cool superconductive motors instead of solely 

relying on a refrigerant system[10]. In this scenario, LH2 is 
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cold enough to cool the superconductors without any 

auxiliary refrigerant, whereas the LCH4 will require some 

refrigerant to meet the critical temperatures of current 

superconductors.  

The energy per unit mass densities of both liquid 

hydrogen and liquid methane make them desirable fuel 

sources. LH2 is nearly 3 times as energetic per kilogram 

than kerosene. The trade-off is that LH2 density per unit 

volume is ¼th that of kerosene, meaning aircraft will need 

to be significantly larger to hold the same amount of 

energy (higher dry weight) even as they require less fuel 

mass. LCH4 follows a similar, if milder, pattern of higher 

density per unit mass while requiring more space[1, p. 

309].    

The storage of both fluids is complicated, requiring 

constant compression and refrigeration. LH2 is also 

extremely flammable which may exclude it as an option in 

any aerospace application, especially when it is being 

used as a coolant in a high voltage environment. The 

inherent advantages of LH2 may not overcome the 

inconvenience of storage, handling, and safety 

concerns[1, p. 309]. 

Comparing the Performance of High-

Bypass Turbofans to Electric Motors[4] 
To understand where the aerospace industry is in terms 

of power per unit mass, the GEnx-70B, from the 787-9 

[14] will be used as the industry benchmark. Engine 

power is not traditionally published7. The conversion 

factor of 1.25 
ℎ𝑝

𝑙𝑏𝑓𝑡ℎ𝑟𝑢𝑠𝑡
 listed in D. Johnson to convert from 

thrust to hp will be used[4]. Figure 7 predicts the max 

weight of any motor that might feasibly replace the GEnx-

70B. The maximum weight of that motor must include any 

auxiliary equipment that the turbofan did not require; 

larger generators, inverters, and cooling systems, for 

example. Table 3 predicts that a motor replacement for 

the GEnx-70B will have a maximum weight of 2310kg and 

a performance to weight ratio of 28.2kW/kg. 

 
7Listed weights include hardware that motors would require 
(fan blades) and report their output in static thrust at sea level, 
not power.  

 

Figure 7: A predictive model for turbofan replacement 
requirements. Courtesy of: D. Johnson, [4, p. 3] 

Table 3: Turbofan to motor replacement for a 787-9 turbofan 
(the GEnx-70B). All values derived from Norris, et al[14] 

 US Customary Metric 

Thrust 69800 lbf 310 kN 

Power Equivalent 87300 hp 65100 kW 

Mass Replacement 5090 lb 2310 kg 

Power to 
Weight/Mass Ratio 

17.2 
ℎ𝑝

𝑙𝑏
 28.2 

𝑘𝑊

𝑘𝑔
 

Conventional, Non-Cryogenic, Motors 
Barring a dramatic change in their relative performance, it 

is unlikely that the commercial aerospace industry will 

ever adopt conventional motors over superconducting 

motors. The theoretical power to weight potential of 

superconducting motors exceeds the inconvenience of 

cooling superconducting materials. However, increasingly 

competitive power in conventional motor designs 

indicates that they may see use in personal and short-

range aircraft. Furthermore, there are several novel 

conventional motors designs at the personal aircraft size 

that have escaped the notice of teams designing 

superconducting motors. 

As discussed in the introduction, aerospace designs 

exclusively use permanent magnet synchronous 
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motors[15]. These motors all have relatively high pole 

quantities, researchers suggest that designers start with 

14 to 18 poles and refine from there8. Atypical slot and 

phase numbers are not unheard of, one example had 14 

poles, 15 slots, and 5 phases, see Figure 8 and Figure 

9[16]. There are advantages to high pole quantities that 

extend beyond performance. Increasing pole and slot 

quantities reduces flux weakening and improves fault 

tolerance910. 

 

Figure 8: Star diagram of a 14 pole, 15 slot, and 5 phase motor, from I. 
Bouzidi[16] 

 

Figure 9: 2D distribution drawing of a 14 pole, 15 slot, and 5 phase 

motor from I. Bouzidi[16] 

 
8These pole quantities lend these motors a functional similarity 
to radial engines that is not explored. 
9This approach to reducing flux weakening has been overlooked 
by current superconducting motor research 

Examples: 

Siemens, for the DA 36 E-Star 2 Motor Glider: 
Siemens released a report describing a 5 kW/kg motor, 

gearbox and inverter inclusive, in 2015. This established 

the then highest power density for any motor in the world 

(Figure 10)[17]. This motor is rated to 260kW and weighs 

24.4kg. Siemens believes it can be easily scaled to 1MW.  

 

Figure 10: At 5kW/kg, the engineers on the team lost a sense of 
perspective, from K. Petermaier[17] 

There are plans for a 7kW/kg motor with a rated output 

of 170kW. Both motors rely on high-performance 

permanent magnetic materials, utilize high electric 

frequency, and flat wire windings to attain their 

performance. Higher coolant temperatures, 90-100o C, are 

utilized to minimize cooler size and weight. Structural 

optimization and composites are essential to weight 

reduction[15]. 

10 By addressing fault tolerance these motors overcome an 
obstacle to the adoption of electric aerospace propulsion 
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Figure 11: A 7kW/kg motor proposed by Siemens, from Petermaier[17] 

Engineers at the University of Sfax, Tunisia and the 

University of Padova, Italy[15] 
An FEA analysis was performed based on the 14 pole, 15 

slot, and 5 phase motor shown above. This analysis 

reported a power to weight ratio of 3.6 kW/kg achieved 

using an electric frequency of 240hz and the geometry 

shown in Table 4.  There is a significant degree of torque 

ripple, oscillating between 200-240Nm. 

Table 4: Parameters and Geometry of the 14 Pole, 15 slot, 5 phase 

motor, from I. Bouzidi [15] 

 

 

Figure 12: Temperature distribution for the design, before optimization, 
from I. Bouzidi [15] 

 

Special attention was paid to temperature variation 

within the motor, which ranged from ambient to +100oC 

before optimization. The max permissible temperature in 

the permanent magnets was not to exceed +155oC to 

prevent demagnetization. Optimizations were suggested 

that reduced stack height by 25mm and allowed for 

higher current to be passed through the armature 

winding. This reduced the net weight by 23%.   

Table 5: Operating optimizations suggested by the design team, Lmin is 

stack height, from I. Bouzidi [15] 

 

 

Figure 13: The temperature distribution after optimization, from I. 
Bouzidi [15] 

 

Figure 14: Flux density of the designed 14-pole, non-
superconducting  motor, from I. Bouzidi [15] 
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Figure 15, Air-gap flux density waveform for the 14-pole motor 

at a current of 187A and a stack length of 111mm, from I. 
Bouzidi[15] 

To date, these advanced permanent magnet synchronous 

motors have improved significantly since 2005 in terms of 

power density, however, their performance remains 

nowhere near the 28kW/kg necessary power to weight 

ratio for a GEnx-70B replacement.  

Cryo-synchronous motors, aka 

superconducting motors[2] 
In 2005, NASA released a report containing Figure 2 

stating that 32.9 kW/kg was considered a feasible power 

to weight ratio at the time[4]. It is not clear where this 

example was found, there is the possibility that it was a 

rough estimate based on the best conventional motors of 

the time. Since that report, there has been at least one 

FEA analysis of a superconducting motor by a UK-based 

team, performed jointly between the University of 

Manchester, the University of Lorraine, and Rolls-Royce, 

shown in Figure 16. 

 
11 This is probably a joke given that they immediately emphasize 
that the stator conductors never exceed an anticipated flux 
density of 1.37T in this model. 

 
Figure 16: The generalized model of the PM Synchronous motor used 
for this study, C. D. Manolopoulos [2] 

Table 6: Shared Design Parameters, from C. D. Manolopoulos [2] 

 

Table 7: A summary of the superconducting coil used, from C. D. 
Manolopoulos [2] 

 

Some restrictions for this motor design were outlined 

immediately. Phase voltage was not to exceed 1000V to 

prevent breakdown and 800Vrms was selected as an 

appropriate compromise to meet this need. The rotor is 

magnetized out of necessity. It was suggested that a soft-

magnetic material rotor would require a field density of 

14T to meet the performance requirements of this 

system11. The need for a permanent magnet rotor 

establishes a pattern seen in all of the aerospace motor 

designs examined thus far.  
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The entire focus of this study was on the stator. There 

was no adjustment made to the rotor design. No net mass 

is listed for the rotor leaving the power to weight ratio of 

this design an open question. The team acknowledged 

that there were limits to a standard rotor, stating that in 

practice a rotor would have to be designed for every 

permutation of the motor configuration.  

Table 8: Performance of Stator Coils in Different Motor Designs, from C. 
D. Manolopoulos[2] 

 

 

Table 9: Performance of Different Motor Designs, from C. D. 
Manolopoulos [2] 

 

There are some interesting conclusions to be made from 

Table 8 and Table 9. 4-pole systems are not lighter than 8 

pole systems but higher pole quantity does impact output 

power negatively. This decrease in output power does not 

necessarily correlate with a decrease in efficiency. The 

team dedicated much of its focus to analyzing stator 

losses in the superconducting materials. These losses 

were primarily inductance losses in the stator coils. Flux 

 
12 The simulated frequency was omitted from their report. 
While this value can be derived, it’s absence suggests the 
significance of frequency was overlooked.  

diverters (steel placed in the air gap) did reduce the 

exposure to the magnetic flux of the rotor. However, they 

also reduce the specific performance of the motor and 

losses in these shielding methods result in reduced net 

efficiency.  

Conclusions from this report are not optimistic about the 

feasibility of motors with current technology. The 

magnetized stator has a power to mass ratio less than 4 

kW/kg, underperforming conventional motors before 

including rotor mass. The team suggests further research 

avenues to reduce losses to AC fields: Higher temperature 

superconductors, improving winding techniques from the 

five coil and nine strand method, and reducing electric 

frequency12. 

These suggestions do not reflect familiarity with the high-

performance conventional motors of today. The motors 

built and designed by Siemens and engineers at the 

University of Sfax, Tunisia/the University of Padova, Italy 

are universally high-pole, high frequency, and high-phase. 

There are no compelling reasons to think that such 

motors would perform poorly when constructed with 

superconducting material given the simulated 

results(Table 8 and Table 9). High pole motors suffered 

some performance losses (8%) offset by;  

• increased efficiency 

• no changes to their net mass 

• significant reductions in stator losses (19%) 

• persisting stator heating could be absorbed by LH2 

and LCH4 cooling 

Johnson[4] estimated that a well-engineered 

superconducting motor could have a kW/kg performance 

ratio 10 times that of an advanced conventional motor. 

Extrapolating, there is some hope that a current 

technology superconducting motor could incorporate the 

lessons learned from advanced conventional motors and 

exceed the 28.2kW/kg ratio estimated in Table 3. 
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The State of Superconductors Today 

and Future Research 

 
Figure 17: A timeline of superconductor discoveries, their critical 
temperature, and the boiling points of significant liquids to the right, 
from S. Farokhi [1, p. 379] 

The selection of superconductors for a given application is 

not always clear. Manopolous suggests that their 

preference for MgB2 was a result of available material 

data from HyperTech Inc[2]. By contrast, BSCCO (in Figure 

17 as BiSrCaCuO) is a popular alternative to MgB2, with a 

critical temperature13 above liquid nitrogen. Given how 

near the BSCCO critical temperature is to LCH4, MgB2 may 

fall out of favor once superconducting motor designs 

cease to be theoretical and must be integrated into a 

broader structure. 

There are also newer superconductive materials not 

discussed in any of the materials covered. FeSe is a 

recently discovered compound of comparatively 

abundant materials and has many promising, high temp 

properties[16]. Carbon nanotubes and graphene have 

been discussed as superconductors for several years. 

However, we currently cannot explain the 

superconductivity of either, discouraging widespread 

implementation[18]. 

Conclusion 
There are compelling reasons not to expect commercial 

all-electric flight in the near-term. Many of the most 

visible proposals hinge on non-traditional airframes that 

will struggle in a manufacturing environment. The energy 

density of batteries remains nowhere near that of 

kerosene and will remain uncompetitive even in the most 

optimistic forecasts. Superconducting motors have not 

 
13 Temperature below which the material behaves as a 
superconductor 

visibly advanced since 2005 and the field appears to have 

been nearly forgotten.  

However, there are some hopes that this could change. 

Innovations in traditional motor designs demonstrate that 

electric aerospace has a future. There is evidence to 

believe that superconducting motors could benefit from 

the lessons of top-performing conventional motors. 

Current conventional motors are sufficiently advanced to 

encourage revisiting superconducting motors with a 

reasonable chance of outperforming current turbofans. 
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