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Abstract. Electric aviation has become a focal point in addressing environmental concerns
within the aviation industry, while the implementation of all-electric aviation is still fraught with
difficulties. This paper offers a comprehensive analysis of electric aviation, encompassing
critical aspects like energy density, battery technology, electric motor design, safety
considerations, and economic impacts. The paper discusses the pivotal role of energy density,
which significantly influences the performance and range of electric aircraft. Further, battery
technology advancements are emphasized, aiming to overcome existing limitations. The paper
also scrutinizes electric motor design, highlighting innovations like high-temperature
superconductors and innovative permanent magnet configurations. Safety concerns related to
electric aviation components, such as electronic switches and power electronic converters, are
also discussed. Additionally, the paper evaluates the economic aspects, shedding light on
potential cost savings and financial challenges, ultimately serving as a valuable resource for
researchers, policymakers, and industry stakeholders navigating the evolving landscape of
electric aviation in the pursuit of sustainable air travel. The paper seeks to offer valuable
perspectives on the present status of electric aviation.
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1. Introduction

The 21st century has witnessed a swift advancement in cutting-edge technology and industrial expansion.
This brisk growth in the industrial sector, to some extent, is advantageous to people globally, yielding
economic and social benefits, especially in lower-income nations. Indeed, this phase has marked a time
of remarkable achievements in the sphere of global development over a relatively short period. However,
this progress comes with its own set of repercussions. The rapid pace of industrialization, coupled with
the unsustainable exploitation of natural resources, has brought about significant changes in
environmental conditions.

© 2024 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1. The increase in global carbon emission from 1900 to 2014 [1]

As per the data provided by the Environmental Protection Authority (EPA) (Figure 1), there has been
a substantial rise in CO, emissions, a primary greenhouse gas, since 1900. Particularly since 1970, the
emissions of CO» have escalated by almost 90%, largely due to the burning of fossil fuels and industrial
activities. Concurrently, the transportation sector has been a significant contributor to total greenhouse
gas emissions, representing about 15% since 2010 [2]. It is worth mentioning that a large portion of
global transportation relies heavily on petroleum-based fuels such as gasoline and diesel.

In addition to the potential environmental damage, the traditional ways of generating power also have
many drawbacks. One example is the internal combustion engine, which converts energy into power but
has a relatively low efficiency of around 40%. As a result, there is ongoing research and development
aimed at discovering alternative methods to replace it. From an economic perspective, the usage of fossil
fuels is also expected to be more expensive in the long term and result in a lower profit margin. The
cheap, clean and high-efficiency energy — electricity seems to be the perfect substitute for fossil fuel.
Thus, there is a global trend towards a more reliable and ecological alternative, which will ultimately
promote the electrification of transportation. Today, the number of electric cars in the market constantly
rises with unforeseen speed and will grow more rapidly in the future. Between 2020 and 2022, the
proportion of electric vehicles in the overall car market increased by over threefold, going from 4% to
14% [3]. As the automotive industry experienced significant success, people have also begun focusing
on other modes of transportation, such as aviation, with hopes of replicating the automotive industry’s
achievements. However, emulating the automotive industry’s success is not straightforward, as aviation
involves more complex considerations, including propulsion, weight, and emergency protocols.
Furthermore, due to the relatively underdeveloped technology, electric airplanes do not possess a clear
cut advantage over their drawbacks.

Herein, the paper presents a comprehensive analysis of electric aviation, addressing key aspects,
including energy density, battery technology, electric motor design, safety considerations, and economic
implications. The paper aims to provide a thorough analysis of advancements, challenges, and
opportunities in the field, offering valuable insights into the current state of electric aviation.

2. Batteries System Design of Electric Aircraft

Energy density is one of the biggest obstacles to electric aviation. The comparison between lithium-ion
batteries and jet fuel highlights a substantial disparity in energy density. Specifically, lithium-ion
batteries have an energy density of around 300 Wh/kg, whereas Jet Fuel’s energy density is
approximately 11.95 kWh/kg [4]. This disparity underscores a fundamental challenge when transitioning
from traditional jet fuel to batteries as a power source for aircraft. To match the energy output of jet fuel,
a significantly larger quantity of batteries is necessitated, approximately 50 times more by weight.
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Consequently, this substantial increase in the mass of batteries translates into a notable augmentation in
the overall mass of the aircraft, primarily due to the added weight of the power source (Table 1).

Table 1. Comparison of the Jet Fuel and Li-ion Battery.

Energy density (Wh/kg) Global efficiency Shaft power (W/kg)
Jet fuel 11,950 ~0.61 7290
Li-ion Battery 300 ~0.99 297

However, recent studies have advanced in battery technology. Numerous research studies indicate
that nanotechnology holds promise for enhancing the energy density of batteries. The current most
powerful battery, the Silicon Nanowire Anode Li-ion Cells, is about 500 Wh/kg and twice higher than
the normal Lithium-ion battery [5]. Although the energy density still has a large gap compared to jet
fuel, it also attracts scientists to focus on nanotechnology’s potential and ability, which could be applied
in battery technology. Lithium-air batteries which considered to be one of the superior types of battery
due to the high specific energy density and the ability to fulfil a reverse cycle. Research has shown that
1 kg of lithium metal oxidizes to yield 11,680 Wh/kg in the charged state. The energy density produced
by the discharge reaction is 3460 Wh/kg [6]. However, it also has some flaws, such as instability, low
electrical efficiency, specific power, and discharge rates.

Electric aircraft face a conundrum wherein they require more power for takeoff, necessitating
additional batteries to meet this demand. This situation has led researchers into a cyclic challenge
centered around battery-related issues. Consequently, in pursuit of the goal of electric flight,
compromises must be made in areas such as passenger capacity and range. Due to their considerable
weight, current electric aircraft can only accommodate a limited number of passengers. Similarly, the
range of electric airplanes encounters a similar constraint due to their lower energy density. For instance,
the IFB-Stuttgart EGenius, set a record by achieving a maximum single-trip distance of 400 km on a
single charge [7]. However, when compared to traditional conventional aircraft, electric counterparts lag
significantly behind in this aspect (Table 2).

Table 2. Comparison between CESSNA 172 SKYHAWK and IFB-Stuttgart E-Genius.

Specifications Cessna 1.72 Sky-hawk IFB-Stuttfgart.E-Genius
(Conventional Aircraft) (Electric Airplane)
Crew 1 member 2 members
Length 8.28 m 8.1 m
Wingspan 11.00 m 16.9m
Takeoff Distance 497 m ~450 m
Landing Distance 407 m 460 m
Empty Weight 767 kg 760 kg
Range 1,289 km 400 km
Cruise Speed 226 km/h 270 km/h

3. Motor Technology of Electric Aircraft

Electric aviation has a history dating back to 1973 [8]. Although the concept electric airplane is not
popular, the electric motor also serves as the Emergency Power Unit (EPU), which is an emergency
power generator driven by the electric motor. All-electric aircraft can only be powered by an electric
motor, which converts the energy of the magnetic and electric fields into mechanical energy [9]. Weight-
sensitive applications are not suited for conventional electric motor technologies. And those motors also
have the specific power of about 1~5 kw/h due to the heat generation, which is much lower than that of
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gas turbines [10,11]. For these reasons, current research on high-powered electric motors focuses on
using high-temperature superconducting materials (HTS) (Figure 2). HTS motor designs use the
permanent magnet as its rotor material, such as NdFeB. In order to ensure that the electromagnetic fields
of the rotor poles and the stator windings maintain a constant interaction, scientists use an active power
control and management unit (PMAD) to control the current in the stator windings [12]. Another crucial
aspect of electric motors is superconductivity, a phenomenon observed in specific materials under
extreme conditions, ranging from -192°C to -246°C. Under these conditions, these materials exhibit zero
ohmic resistance, resulting in enhanced electric field capabilities and intensities within electric motors.
Superconductors have the capacity to carry substantial current densities without any resistive losses.
This property enables the development of lightweight, high-specific-power electric aircraft by using
high-temperature superconductive coils in place of either the rotor or stator windings [11].
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Figure 2. Structure of a HTS motor [13]

Despite the fact that HTS materials seem to be the direction that electric motor research is headed
towards, this perception may soon alter as a result of optimization and advancements in PMSM design.
In March 2021, electric motor manufacturer H3X launched the 250 kW HPDM-250 motor, which
consists of a permanent magnet stator and a copper winding rotor (Figure 3). It is only 15 kg in weight
and produces 13 kW/kg of continuous power [7]. Similarly, another electric motor manufacturer,
Magnix, has invented one of the most powerful electric motors, magnix650, which can generate up to
650kW. The first all-electric passenger airplane, which had successfully taken to the sky, equipped their
product Magna 250, generating up to 280 kW [14]. Further, on June 8th, the MIT Gas Turbine
Laboratory (GTL) introduced their immensely powerful electric motor, with a peak power of up to 1
megawatt. It consists of a high-speed rotor with an array of magnets arranged in different polarity
directions; a compact, low-loss stator mounted inside the rotor containing a complex array of copper
windings and other components [15]. These developments illustrate that there are multiple ways to
approach the optimal utility of the electric motor. And they also imply that commercial adoption of
electric aircraft may be coming sooner than expected.
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Figure 3. Illustration of an electric motor in an all-electric airplane [10]

4. Safety Considerations and Economic Analysis

The substantial electrical power requirements of electric aircraft necessitate extensive research and
optimization efforts, with a primary emphasis on enhancing component reliability. Electric aircraft
feature numerous components that differ significantly from their traditional counterparts, raising
substantial safety concerns. Key components, like electronic switches and microelectronics within
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power electronic converters, must demonstrate reliability throughout their extended service life under
harsh environmental conditions, which often spans approximately 100000 hours [16]. Moreover, owing
to the unique operational systems and logic inherent to all-electric aircraft, engineers must devise an
additional emergency system to address potential safety hazards. For instance, the prevalent use of
Lithium-ion batteries in current electric airplanes poses a risk of thermal runaway, potentially resulting
in explosions or fires. The design of electric aircraft must also account for potential failures in the
electrical system and issues related to batteries.

SiC semiconductors, extensively utilized in electric aircraft for power electronics and battery
management, currently exhibit an issue with unreliable gate oxide. The higher error rates are attributed
to the elevated field strength at the gate oxide, leading to two types of failures: intrinsic and extrinsic.
In the case of intrinsic failures, there exists an inherent weakness in the gate oxide structure of the
semiconductor, and research has demonstrated that SiC oxide is less dependable than its Si counterpart.
Extrinsic errors can also result from localized high electric field strengths, but studies have shown that
using substrates with fewer defects can enhance reliability [17,18]. It is worth noting that SiC technology
is relatively new, with about 16 years of development compared to Si, which has had approximately 70
years of development. This suggests that as more experience is gained in the field, researchers may
explore new methods to address the instability and unreliability of SiC oxide [19].

The transition to electric aircraft poses significant challenges related to infrastructure, operational
efficiency, and cost. As an estimate, assuming a constant power demand of 2.5 MW throughout the flight,
with a total flight duration of 2 hours, which necessitates 5 MWh of energy (excluding efficiency losses),
the aircraft needs to be ready for flight again within 30 minutes with a specific State of Charge (SoC).
This necessitates a charging capacity of 10 MW. Additionally, suppose five small all-electric aircraft are
concurrently serviced. In that case, this implies that the airport would require an electrical infrastructure
capable of delivering 50 MW of power, a significant demand that surpasses the typical power input of
45 MW for large airports worldwide. This extended downtime due to servicing large fleets and limited
passenger capacity presents challenges that are unattractive to airlines [20]. Additionally, the profit of
the airport will be cut due to the low efficiency of charging and the massive electricity required. The
popularity of charging facilities in most airports will also cost a large budget for both the airport and the
government. Governments are reluctant to build related facilities, especially since the technology of
electric airplanes is still at a relatively new and immature stage. Additionally, to reach a reasonable level,
electric aircraft could need to invest more in future generations of possibly pricey batteries. Due to the
higher weight of the electric airplanes, their maintenance costs on the landing gear components may be
higher than the average. However, the promotion of electric aircraft could yield substantial cost benefits
that may outweigh their initial expenses. For example, electric planes eliminate the need for a fuel
system, auxiliary power unit (APU), and other components found in conventional aircraft. Furthermore,
the relatively simple mechanical structure of electric motors could potentially lead to reduced
maintenance costs, although exceptions may arise, such as with the cooling system for superconducting
motors in electric aircraft [19]. Just compare the biggest cost disparities between all-electric and gas-
turbine aircraft. According to the end-use industry, breakeven power costs in 2015 ranged from 6.9 to
12.7 cents per kWh in the United States and were $1.80 per gallon for jet fuel [20]. Research shows that
an all-electric aircraft with a battery pack with a specific energy of 800 Wh kg™! and a range of 741 km
would only be economically viable if the battery price was 100 kWh! or less (Figure 4).

Nevertheless, government policies may involve substantial decreases in electricity costs and hikes in
fossil fuel prices, such as the carbon tax. And as long as the electricity is produced by renewable energy
such as wind or water, the breakeven electricity price will eventually increase. It also suggests that
government policies supporting electricity with low-carbon production or taxes on carbon production
may be a prerequisite for the introduction of all-electric aircraft before the technology is feasible and
mature [19].
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Figure 4. The breakeven electricity price compared to the US jet fuel price in 2015 [21]

5. Conclusion

In the context of advancing global electrification efforts, the emergence of all-electric aircraft signifies
a significant step forward in modern transportation, demonstrating that the aspiration of achieving zero
carbon emissions is no longer an unattainable dream. However, there remain numerous technical
challenges hindering the progress of electric aviation, particularly pertaining to battery and motor
technologies. The transition from conventional transportation to electric alternatives is expected to be a
protracted and financially demanding endeavor. As a transitional measure, people are increasingly
adopting hybrid power generation for electric aircraft, representing a more gradual and highly effective
reform approach. This intermediate approach places less stringent demands on battery pack energy
density and does not necessitate superconducting technology in electric motors. While these transitional
technologies may not yield substantial reductions in greenhouse gas emissions, they serve as critical
catalysts and technological benchmarks for the eventual realization of all-electric aircraft systems. With
the accumulation of experience in electric aviation and advancements in electric technology, the advent
of commercial all-electric aircraft may materialize sooner than anticipated.
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