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Abstract—The aviation industry represents an ever-expanding
economy and the aircraft market forecast reveals an optimistic
growth for the coming decades. New requirements and guidelines
call for a more efficient, reliable, and environment friendly
aircraft operations during both airborne and ground phases.
Considering on-ground operations, the electric taxiing is one of the
suggested solutions for reducing the emissions and the acoustic
noise in the airport, and for lowering the fuel consumption and the
flight costs. This paper provides an overview of the most important
existing electric taxiing systems and also presents the basic
concepts related to it. Finally, detailed comparison of the different
systems is given with recommendations for the future research.

Keywords—More Electric Aircraft, Green Taxiing, Electric
taxiing, Permanent Magnet Synchronous Machines

I. INTRODUCTION

The aerospace industry is currently one of the fastest
growing economies in the world and the need for air travel will
notably increase in the coming years. This trend is due to the
numerous factors such as growth of the regional/national gross
domestic product, liberalization policies and tourism [1].
Approximately 3.7 billion passengers were carried by air in
2016, and considering that passenger traffic doubles every 15
years, it is apparent that current fleets will not be able to handle
this demand. According to the Airbus Global Market Forecast
[2], 34,170 new aircraft are estimated to be manufactured by
2036. In addition to the aircraft that will stay in service, a total
of 42,530 passenger aircraft have been estimated to be flying in
2036. Consequently, the fuel consumption and CO, emissions
of the aerospace industry will dramatically rise [3]. The
European Commission (EC) has recognized the challenges that
this growth will cause and thus the “Flight Path 2050 strategy
was signed in 2017 [4]. Besides the challenges in safety and
security area, infrastructures, operations etc. this document also
aims to mitigate the impact of the air traffic on the environment
by agreeing on targets, such as 1) 70% reduction of CO; 2) 90%
reduction of NOx (compared to 2000 levels) and 3) minimization
of noise.

In accordance with these targets, aircraft manufacturers are
developing ever more fuel efficient and environmentally
friendly aircraft to alleviate pollution concerns and to comply
with the goals of the 2050 strategy. The conventional aircraft
depends on four main power systems: hydraulics, pneumatics,
mechanical and electrical power [5]. Hydraulics is used for the
majority of actuation functions. Pneumatics is associated with
the system of pressurization, de-icing and air conditioning,
whereas electrical power is used for avionics and utility
functions. The recent push towards the more electric aircraft
(MEA) concept is leading to replace these traditional systems
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with electrical ones [3]. It is anticipated that MEA and, in the
future, all-electric aircraft (AEA) technologies can decrease the
weight of aircraft by 10% and fuel consumption by 9% [6]. The
Boeing 787 Dreamliner is probably the best example of MEA
initiative. Indeed, its electrical loads require almost 1000 kVA
compared to the 300 kVA of a more conventional Airbus A320
[7]. Taking into consideration different number of maximum
passengers on-board, a 72% increase in terms of power per
passenger is registered (2.78 kVA per passenger for B787 and
1.61 kVA per passenger for A320).

Historically, any effort related to efficiency improvement
has mainly focused on the airborne phase, but due to the
increasing restrictions, nowadays the ground phase of the flight
mission (i.e. taxiing) is also being addressed. According to the
International Civil Aerospace Organisation (ICAO), taxiing is
the phase of flight in which movement of an aircraft under its
own power occurs on the surface of an aerodrome, excluding
take-off and landing [8]. Taxiing can be divided into taxi-out and
taxi-in. Taxi-out is part of the taxiing from the parking position
until the moment of take-off. Taxi-out phase is preceded by the
aircraft push-back. Since main jet engines cannot provide
reverse thrust, additional tractors and tugs are required to move
the aircraft backwards. When aircraft reaches the border to the
manoeuvring it is handed to the ground controller which guides
it to its assigned runway. During taxiing, the aircraft engines are
set to idle mode. Similarly, taxi-in is defined as the phase which
begins upon exiting the landing runway and terminates upon
arrival at the gate, ramp, apron, or parking area, when the aircraft
ceases to move under its own power [8]. Since engines are
optimised for cruising speed, they are highly inefficient when
used in idle mode and therefore taxiing is addressed as one of
the biggest contributors to the pollution and noise at the airports.
More than 56% of the total NOy generation in 2002 at Heathrow
airport was from taxiing phase [9]. Also, since tractors and tugs
are required to push-back the aircraft, the taxiing procedure is
slowed down and most importantly this feature reduces the
autonomy of any single aircraft. Another factor to consider is
that taxi-out time can be quite high, especially at busy airports
like Schiphol (AMS) and Heathrow (LHR), which can reach up
to 1h.

In addition to the already mentioned 2050 requirements, also
all taxiing procedures are required to be carbon neutral by 2050.
Several solutions have been proposed as alternative to the
conventional taxiing and some of them were investigated in
[10]. They can be categorized into operational and technological
solutions [11]. While operational solutions (such as single
engine taxiing) still require engines for the ground movement,
the so-called technological solutions focus on engineless
taxiing. In turn, these can be grouped into 1) on-board and 2)
external advanced ground propulsion solutions (AGPS). In this
paper, the terms engineless and electric taxiing will be used



interchangeably since both on-board and external systems use
electric energy at one point of the energy conversion stage, as it
will be seen.

Initial studies have shown that in general, electric taxiing
system implementation can lead to potential fuel savings,
emissions, cost etc. In [9], fuel savings with on-board solutions
have been investigated. It is highlighted that the potential fuel
savings depend on the type of the aircraft, total taxiing time and
flight distance. For instance, short-haul aircraft (e.g. A320) with
total taxiing time of 30 minutes and flight distance of 1000
nautical miles (nm) can save 3% in blockfuel. Based on all US
domestic flight missions in 2007 performed by A320 and B737,
the total potential saving is estimated to be between 1.1% and
3.9% depending on the weight of the system. In [12], studies on
the speed limitation of electric taxiing and the ensuing delays
were carried out. It was shown that an average speed of 10m/s
(approximately 20knots) should not cause significant delays. In
[13], an estimated cost saving of 250 € per cycle was determined
in the worst case scenario of lowest possible savings and highest
cost. Considering that one plane makes around 1000 cycles per
year air operators can save up to 250 k€ annually per aircraft. In
[10] fuel savings and emission reductions have been
investigated for the various electric taxiing systems. It was found
that maximum CO reductions are obtained with on-board
systems, while external systems come with maximum fuel
savings but also with the increased NOx emissions compared to
the conventional taxiing.

Whether using on-board or external system, there are
challenges and limitations associated with engineless taxiing.
One of the major limitation of the electric taxiing is that jet
engines before take-off must be warmed up. In the conventional
taxiing that condition is automatically achieved, but in electric
taxiing, the main engines are off and they have to be turned on a
few minutes before take-off. Hence, a designated area should be
provided where aircrafts would be able to turn on engines safely
and warm up their engines (maybe something similar to a de-
icing platform). In addition, due to this limitation electric taxiing
would not be beneficial in terms of taxiing time at the airports
where this is less than 5 minutes (i.e. a typical taxiing time for
engine warm up of A320 or B737). Before these systems come
into service, ground control should revise and update rules and
policies to be in accordance with the operation of electric taxiing
systems. For example, in [14], a study on how the new taxiing
system would affect the procedures was presented. Finally, the
biggest obstacle is certification. As any new system to be used
in aviation, it must go through rigorous series of tests before it
is approved by regulatory bodies.

In this paper, a state of the art in electric taxiing systems is
presented. Since the first proof of concept presented in 2005,
numerous companies have announced the development of
various electric taxiing systems. However, many of the projects
were discontinued later on or they haven’t updated the public in
years about their progress. Therefore, the criteria for the
selection of the systems under this review were the following:
1) demonstration of successful operation of the system and 2)
systems with publicly available up-to-date data either in terms
of publications or companies’ descriptions and announcements
through media. After filtering, five systems had been chosen and
they are described in section II. In section III systems are
thoroughly compared and advantages and disadvantages of each

have been clearly outlined. Furthermore, in the same section,
recommendations for the future research are given. Finally,
section IV concludes the paper.

II. REVIEW OF ELECTRIC TAXIING SYSTEMS

As mentioned in Section I, electric taxiing can be divided
into two broad categories: on-board and external systems. The
on-board systems are entirely located in the aircraft and are
usually based around the concept of the electrical drive
comprising an electric motor, power converter and an electric
energy source. The external systems use an external car-like
vehicle to perform towing of the aircraft, such as shown in Fig.
1 (a). This section discusses the developments of both systems.

A. External Systems

An example of external ground propulsion system is
TaxiBot, a system developed by Israeli Aerospace Industries.
TaxiBot is a semi-autonomous hybrid electric tractor, shown in
Fig. 1.b, designed to tow the aircraft during all taxiing procedure
(push-back, taxi-out and taxi-in). The powertrain of this tractor
consists of two diesel engines each driving a separate electric
generator which supplies 8 electric motors installed in 4 wheels.
Maximum power to the road is 500 kW with maximum
achievable torque of 45 kNm [15]. With these numbers, the
tractor can reach a speed of 23 knots towing a full Boeing 737.
It is important to emphasize that the tractor is steered by the pilot
through the tiller as in normal taxiing, which is important feature
because of safety, accountability and regulatory reasons [16].
This is possible using a unique towbarless nose landing gear
(NLG) interface clamping mechanism mounted on a rotating
turret platform. Sensors which are installed at the platform detect
the steering angle of the NLG and steer all wheels of the tow
tractor [17]. Furthermore, braking is also achieved as in
conventional taxiing, using brake pedals that control brake
system in the main landing gear (MLG) [16]. Although pilot
controls most of the taxiing process, the driver is still required
for pushback operations, for returning the vehicle after the
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(a) Tesla-X towing the empty Boeing 787-9 with a mass of 130,000
kg.
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?b) TaxiBot at Frankfurt airporf .
Fig. 1 Examples of external electric taxiing systems




aircraft’s take-off and in case of emergency. The company offers
two models: 1) narrow body model and 2) wide body model.

Certification for use with the Boeing 737 has been issued by
the European Aerospace Agency (EASA) in November 2014,
and since then three narrow body models have been operating
for Lufthansa LEOS (ground handling company of Lufthansa)
at Frankfurt International airport. In May 2017, TaxiBot was
certified by EASA for the A320 family (both ceo and neo),
followed by the Federal Aviation Administration (FAA)
certification for Boeing 737 family in October 2017. EASA’s
certification is also valid for the FAA. Thus, TaxiBot is the only
certified and commercially-operational alternative taxing
solution up to date [18].

B. On-Board Systems

As discussed earlier, a typical on-board system would
include an electrical drive concept with an electric motor,
power converter and an electric energy source. Several
questions arise for each element of this system and all of them
will be discussed and described when presenting the available
systems. The two most important questions are a) the location
of the driving motor and b) the source of the electrical energy.
Regarding the location of the motor, the options are either
integration at the NLG or at the main landing gear MLG. The
energy required could be supplied through the auxiliary power
unit (APU) or “more-electrically” through batteries and fuel
cells. For each of the following systems, this section shows
which options have been adopted.

In the process of developing into MEA and AEA, the aircraft
on-board electrical systems would require a set of
enhancements. These are set to meet the mandatory high
requirements of aerospace industry. Considering these
requirements, the drive system design has to address the
following factors: reliability, power density, torque density,
efficiency, controllability, fault tolerant capability, thermal
robustness, complexity of design and fabrication [6], [19], [20].

WheelTug was the first company to demonstrate the
operation of an on-board electric taxiing system, as shown in
Fig. 2, back in 2005. The system depends on two induction
machines from Chorus Motors, located at the NLG [21]. The
APU powers the motors during the taxiing. This solution still
uses fossil fuel product and hence it is not completely emission
and noise free, although levels are much lower than during
normal taxiing operation [10]. Designers of this system
highlight several benefits of using WheelTug in addition to the
general benefits of electric taxiing that have already been
mentioned. Firstly, this system has the advantage of reducing
the push back time to 8 minutes per flight, which is a significant
time reduction especially for short and medium haul flights.
Also, WheelTug emphasizes the possibility of parking parallel
to the terminal building, since jet engines are turned off.
Consequently, two airport bridges can be used for boarding
increasing the passenger comfort and more importantly it would
reduce the turnaround time (TAT) and consequently the cost of
the flight [22].

The proof of concept was demonstrated in 2005 on a Boeing
767. The second ground test was performed in 2010 to further
prove that the system would still be reliable in snowy and
slushy conditions [23]. Finally, in 2012, a full in-wheel motor

- o V-FlgA. 2 WhéélTug system implémented in NG
operation was demonstrated at Prague airport using Germania’s
Boeing 737 [24], [25].

As of now, the company has 1072 orders over 20 airline
companies [26], even though they are still in the process of
certification. The latest news regarding certification (January
2017 [27]) is that WheelTug is officially in the process of
certification for Boeing 737 by the FAA and that Air Transat
volunteered to offer the plane to support certification efforts.
Also, Stirling Dynamics, a UK leader in landing gear
development, has been chosen by WheelTug to develop NG
systems that will be used in its certification efforts [28]. The
system is envisaged to enter in service in late 2018/ early 2019.

Following the successful demonstration activities of
WheelTug, developments of electric taxiing continued with
other companies. Collaborations between the German
Aerospace Centre (DLR) and Lufthansa Technik is one of them.
The DLR motor is located also at the NLG and consists of a
permanent magnet synchronous motor (PMSM). The two
motors and gears installed in the wheel rim are shown in Fig. 3.
The motors can produce 2.25 kNm, driving the 80 ton of the
A320 at a top speed of 25 kmph. The proposed PMSM uses
Neodymium iron boron magnets, which indeed have high
remnant flux density. On the other hand, they have a relatively
high costs and are quite unstable with the temperature and not
widely available. The system was developed to be powered from
the fuel cells [29], [30]. Despite the major advantages of using
these technology, such as low on-ground noise and low fuel
consumption, fuel cells are still technologically immature. The
system was tested in 2011 at Hamburg Finkerwerder airport
using an Airbus A320 [31]. The total power of 50kW [32] and
other limitations, such as hydrogen storage and safety, make this
system the least possible to be seen operating in the near future.

Fig. 3 Motor Developed by DLR [29]



All the systems discussed above are installed at the NG.
Regarding the MLG configuration, Safran has advanced the
furthest in collaboration with other companies and universities.
Safran and Honeywell Aerospace created a joint venture in 2011
called the Electric Green Taxiing System (EGTS). The system
was designed in accordance to the EGTS requirements [33],
namely 1) 20 knots speed in 90 sec, 2) 10 knots speed in 20 sec
for active runway crossing and 3) breakaway torque at 1.5%
slope at maximum take-off weight (MTOW). The system was
successfully tested at the Paris International Air Show (PAS) in
2013 using an A320, as shown in Fig. 4. Fig. 5 presents an
illustration of the basic scheme of the electric drive system
(EDS) which comprises an ac-to-dc converter, an
autotransformer rectifier unit (ATRU), a wheel actuation control
unit (WACU) and a traction motor (TM). As can be observed,
the system was powered through the APU. No information about
the electrical motor implementation is available, however it can
be perceived that gears were used [34]. The maximum
demonstrated speed was 10 knots due to PAS safety regulations,
but later at Toulouse airport speeds of 20 knots were achieved.
Even though the demonstration was successful, Safran and
Honeywell decided to terminate the project in 2016. However,
Safran decided to stay devoted to the electric taxiing idea,
through its involvement in the Clean Sky 2 framework [35]. An
important project in this framework, led by Safran Landing
Systems, is known as “high energy storage module for an
electric taxi” through which optimum energy storage system
should be designed up to TRL6 [35].

Safran also collaborated with University of
Nottingham, Airbus, Adeneo and DLR under the CleanSky Joint
Technology Initiative. The study conducted in [36], [37] is
continuing the work of [30], with the aim of developing a direct
drive system that removes the need for any mechanical
advantages such as gearing. An investigation to identify the
optimal position in the MLG of an A320 concluded that
employing the electric taxiing motor at the back envelope of the
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Fig. 4 Demonstration of EGTS
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MLG is the optimum solution because of the more available
space as shown in Fig. 6. A main challenge with implementing
the drive into the MLG is of course the lack of space. A PMSM
was developed for the system and through several torque
enhancement techniques [38] managed to reach a record-
holding 42Nm/kg in terms of peak torque density. The operating
torque reached from this machine is 7000 Nm and it comprises
various features such as 1) an outer rotor configuration, 2) a five
stage Halbach array configuration, 3) a double star winding
configuration and 4) various advanced materials such as Cobalt
Iron and Samarium Cobalt magnets [39],[40], [41]. This
machine was then implemented with a power electronics
converter developed by Adeneo, a control algorithm developed
by DLR and tested up to TRL5 standards in a realistic
environment in the labs of Safran Landing Systems in France.

IITI. COMPARISON OF THE ET SYSTEMS AND RECOMMENDATIONS
TOWARDS FULLY-INTEGRATED ZERO CARBON TAXIING

A. Comparison of the ET systems

The most important advantage of external systems is that
they do not add to the on-board weight. Also, since
modifications done to the aircraft are minor, the certification
process is considerably easier for external systems. However,
the main disadvantage of this system is that congestion at surface
level would increase and modifications to the airport
infrastructure would need to be made, such as additional roads
for tractor movement after aircraft’s take-off. Also, usage of
these systems during taxi-in can be seamless, considering that
taxi-in is usually shorter than taxi-out due to the non-zero initial
speed. After the landing the aircraft would have to stop and wait
a few minutes to be attached to the tractor, while perhaps without
stopping could even be at the terminal building.

On the other hand, on-board systems have the advantage of
minimizing the airport surface movements of towing tractors,
compared to external systems. Basically, an aircraft could
become completely autonomous. Also push-back time is notably
lower since aircraft are able to do pushback autonomously.
However, the main drawback of the on-board systems is the
increase of the total aircraft weight. Therefore, benefits of the
saved fuel on ground could be theoretically offset by higher fuel
consumption during airborne phase. Another major challenge of
on-board systems is the change of the aircraft architecture,
which would require considerable efforts in terms of
certification and legislations.

As seen in the previous sections, there are different on-board
solutions. The NLG configuration benefits from the larger



available space which is not the case in MLG due to the presence
of the brakes. Despite the challenging confined space available
at the MLG, it carries around 90% of the aircraft weight, making
it highly appealing for motor installation due to the possible high
tractive forces. Hence, at severe conditions such as snow, ice and
rain when traction efforts are reduced, the installation of the ET
at the NLG would be problematic. Furthermore, MLG consists
of four wheels, which makes it possible for implementation of
four motor system. This would increase the reliability and
redundancy and at the same time it would allow higher
flexibility in the designing of the motor. Also one of the biggest
advantages is the improved life times of the carbon brakes. For
example, during taxing with EGTS, the carbon brakes are not
used extensively as when taxiing with the main engines on.
However, the biggest challenges remain the heat management
generated from the brakes and the installation of appropriate
cooling systems for the motors.

A major difference between any on-board ET systems is the
method of motor and wheel integration. It can either be direct
drive or a geared system. In case of using direct drive, the
system would benefit of simpler drive train construction, higher
overall efficiency, possibly reduced weight and increased
reliability. On the other hand, the motor should be able to
handle the huge amount of peak torques required and the high
speed operation during landing and take-off. In case of PMSMs,
a high back-emf could lead to winding failures, PM
demagnetization, and converters damages. The presence of
gears simplifies the installation of clutch systems which could
solve the problem of back-emf. However, jamming and
complex mechanical drive train are still the main disadvantages
of using geared system.

B. Recommendations for further research

Multiphase machines represent a potential solution for
increasing the power density, reducing torque ripple and
improving the reliability [42]. The use of superconducting
motors should be considered as an alternative for the ET motors
because they have a relatively high torque density. Authors in
[43], [44] present a study of using it for propulsion application.
Because of the confined space and the need for simplicity, it is
more convenient to use active air cooling rather than liquid
cooling. Furthermore, novel machine types can be further
investigated for this application, such as IM with conical rotor
[45].

Research and developments of energy storage devices and
associated power electronics is essential for on-board ET
systems. Installation of local energy storage system (ESS)
would allow energy to be captured during braking events and
would improve overall performance of the drive. Additionally,
the installation of local energy storage would decrease the
dependence from the APU. Finally, by using energy storage
there is possibility of complete emission-free taxiing.
Considering power and energy requirements of the system
together with the specific energy and power of currently
available storage technologies, Li-ion batteries and super-
capacitors arise as top candidates. Introduction of the ESS
would increase the overall weight of ET system. Therefore,
energy storage should be as compact and light as possible. For
instance, target mass of Clean Sky 2 project [35] for the whole
unit is 40 kg. The storage elements might be charged while the

aircraft is parked (plug-in charge), charged during regenerative
braking or even charged during regeneration of other electrical
systems on the aircraft. All of these possibilities are just one
direction in which future work regarding storage can move.

IV. CONCLUSIONS

This paper presented a review of the ET systems,
technologies, challenges and future trends. Global challenges
of aviation have been overviewed with the emphasis on the
environmental issues. In line with the requirement that all
taxiing procedures should be carbon free by 2050, many
research effort has been investigated into aircraft taxiing
operations. In this paper, ET systems that have been
successfully demonstrated have been reviewed. All presented
systems assume engineless operation, i.e. jet engines are
turned-off during taxiing. However, none of them is fully
electric and zero carbon, besides DLR which uses fuel cell with
water as waste. Feasibility studies regarding economy and
operations that have been presented showed that
implementation of existing ET systems can potentially reduce
CO,, NOy and noise.

As already alluded, on-board solutions are the most suitable
for narrow-body aircraft, which have many flight cycles during
the day with high taxiing time. For wide-body aircraft, the fuel
savings during taxiing would be cancelled during the flight
phase due to having extra on-board weight. Therefore, one
possible scenario to be foreseen is a mixture of the two types:
on-board for narrow-bodies and external systems for wide-
bodies aircraft. However, the final decision will have to be
made by the airline companies in accordance to their network
and aircraft utilization. For instance, KLM’s B737 which flies
LHR-SCH route might see the benefits of on-board system
implementation, while no benefit would be seen for the same
aircraft type flying between airports with small taxiing times.

In case of using on-board systems, installation of the ET at
the main lading gears seems to be the more reasonable solution,
as this is s responsible for carrying the majority of the aircraft
weight. The motor configuration is challenging, as each
configuration possesses several advantages and disadvantages.
PMSMs are usually the first choice for ET traction motor,
because of their high torque density and efficiency.
Nevertheless, the heat management of PMSMs is a concern,
especially when located in the MLG and near the brakes. Air
cooling is the more suitable solution for this application
because of the confined space available. Elimination of gears
and clutches are highly recommended. Future use of multiphase
machines for this application would highly increase the
reliability and decrease the torque ripples.

Finally, some of the operational challenges of ET systems
have been addressed (impact on ground control, regulations and
certifications) as well as recommendations for future research
effort in the field, such as local energy storage development,
novel cooling system solutions and innovative electric machine
topologies.
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