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Very thin laminations in the cores of
electrical machines are essential to
e ciency as t ey li it t e si e an
stren t of in uce e y currents
t at sap po er an enerate aste
eat (Courtesy of orsc e)

Layer by layer
Peter Donaldson reports on how lamination
technology has evolved in recent times to meet
changing demands from the EV industry

W

hether or not
governments eventually
ban the manufacture
of fossil fuel-powered
vehicles, it is clear that the electrification
of transport fleets is set to accelerate
and that the EV industry will therefore
need traction motors in massive
numbers with consistent quality
at low cost. This pressure affects
every component of these electrical
machines, not least the laminations that
form the rotor and stator cores.
Along with low-resistance copper
windings and powerful permanent
magnets, rotor and stator cores shape
the performance and efficiency of
rotating electrical machines, and they
must be built from thin layers of highly
conductive material, principally steel
alloys. Such laminations are the means
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of minimising loss-generating, heatemitting eddy currents generated in
them by electromagnetic interaction
with the currents passing through the
windings.
One electrical steel producer we
consulted in connection with this
article notes that the market for
traction motors and consequently
for motor laminations is one of the
fastest growing parts of the automotive
industry. They describe the sector as
being very dynamic, with fast-changing
requirements for motor characteristics
driving continuous development of
technologies and materials.
Also, a lamination tooling specialist
describes the growth in the sector
as exponential. It adds that many
corporations in the automotive industry
that for decades have supplied parts

for IC-engined vehicles have seen the
writing on the wall and are trying to make
inroads into the EV sector, many of them
by developing their own drive units.
With so many new players in the
market, the specialist says, lamination
designs have evolved significantly over
the past decade. A new generation of
motor designers have extended the
envelope for lamination geometries,
and many old rule-of-thumb constraints
have been pushed to the limit.

Minimising losses
Eddy currents are closed loops of
electric current induced in conductors
by changes in magnetic fields,
circulating in planes perpendicular to
the magnetic fields. According to Lenz’s
law, eddy currents create their own
magnetic fields that oppose changes in
the initial magnetic fields that created
them.
That reduces the efficiency of
electrical machines. Not only is the
machine effectively fighting itself, the
currents also generate heat, which
represents lost energy as it has to be
removed to keep the motor at a safe
operating temperature.

Winter 2021 | E-Mobility Engineering

26/11/2021 15:58

Focus | Motor laminations

The standard way of minimising the
problem is by constructing rotors and
stators from layers of steel that are
as thin as is practical, oriented to lie
as parallel as possible with the lines
of magnetic flux and separated by
insulating layers. Thin layers limit the
size of the current loops that can form
and, because current is proportional
to the area of the loop, minimising
the area also minimises the amount
of current that can flow. Because the
power dissipated by an eddy-current
loop is proportional to the square of
the current, small reductions in current
bring much larger ones in losses.
Reaping benefits that are
disproportionately greater than the
magnitude of the reductions in laminate
thickness is what drives the industry’s
efforts to produce rotor and stator cores
built from ever-thinner layers. That’s far
from the whole story, however, as the
magnetic and electrical properties of the
materials are also critical.
While laminations for industrial
motors are typically made from steel
between 0.35 and 0.5 mm thick,
the trend in traction motors is to use
much thinner gauges to drive down
eddy-current losses – 0.2 mm is
now considered practical for volume
manufacturing, and still thinner layers
are under development.
Making a good electrical machine
also requires balancing the demands
Tata’s range of lamination steels is optimised
for medium to fundamental frequencies of 200
to 2500 Hz and harmonics up to about 25 kHz
(Courtesy of Tata Steel Europe)
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in the electromagnetic, structural and
thermal domains, a producer of highperformance speciality alloys points
out. Which materials are best though
depends heavily on the application.
In most high-volume EV applications,
motor laminations are made from
silicon steel, says the alloys company.
However, in EVs higher up the
performance scale and in heavyduty commercial vehicles, where the
application requires greater torque and
power density, high-induction and lowloss iron cobalt alloys come to the fore.

Steel requirements
Although the imperative to increase
motor/generator performance while
reducing size, weight and cost is
a constant – and many different
e-machine concepts are developed to
meet that in their intended applications
– the steels used in their rotors and
stators must always fulfil the same set
of requirements, the electrical steel
producer says.
These include supporting high
magnetic flux, which depends on a high
saturation level and good permeability.
The material must also support
rapid changes in the magnitude and
direction of the magnetic field, for which
materials with low coercivity tend to be
preferred because they enable higher
torque densities and lower losses.
Higher electrical resistivity is
also preferred because it limits the
circulation of eddy currents and reduces
the associated losses, particularly in
high-speed applications. If the resistivity
of the laminate stack as a whole is not
the same in all directions (anisotropic)
then steel with higher resistivity in one
direction is also desirable, says the
alloys producer.
Thermally speaking, higher
conductivity is usually an advantage.
Most, if not all, motor components
prefer to run cool, and overheating is
a major constraint in motor design.
Higher thermal conductivity in the
laminations therefore speeds the

transfer of heat from source to sink, and
increases the motor’s power density.
This property is subject to a trade-off
though, in this case with resistivity, as
it is not easy to optimise them both
without compromising other properties.
With these general requirements in
mind, engineers looking for the best
materials for their designs seek the right
balance between thin, highly alloyed
materials that minimise power losses
for high-frequency applications, high
permeability that enables higher torque
outputs, and high yield strengths.
Insulating coatings and the way
laminates are joined together are also
important.

Managing interdependencies
Striking the right balance is challenging,
a second steel specialist we consulted
points out, because these properties
are not independent. For example, a
higher percentage of alloying elements
reduces power losses, which is an
advantage, but it also decreases
permeability, which is a disadvantage.
This fundamental interdependence
of key parameters is at the root of the
complexity in e-motor design, which
means it is not possible to define a
standard set of simple rules for creating
laminations for different types of motor/
generator.
What’s more, lamination designs are
heavily influenced by the type of motor
for which they are intended, which can
include DC and AC, synchronous and
asynchronous, permanent magnet
and induction, radial flux, axial flux and
transverse flux machines. The geometry
of their laminations is becoming
increasingly complex in the drive to
achieve ideal performance-to-volumeratios and to incorporate features such
as cooling passages, a provider of
metal-forming tools and systems notes.
The choice of material is also
becoming more critical. In general, this
depends more on the application and
operating region than the motor type,
which has a more indirect influence

65

26/11/2021 15:58

Focus | Motor laminations

because in any type of motor the
operating frequency and induction level
can be either low or high, according to
the speciality alloys provider.
That said, all the types of electrical
machine referred to above have their
own sensitivities to key parameters
such as magnetic permeability and
coercivity, electrical resistivity, thermal
conductivity and so on, adding to
the complexity of the issue. These
differences do however allow some
material selection heuristics to emerge,
the stack producer notes.

Materials and motor types
For permanent magnet synchronous
machines, eddy-current losses (Watt
losses) are particularly important.
Thin layers are needed to minimise
them, along with the mechanical
strength to secure magnets in rotors
at high rotational speeds. Because
asynchronous machines are not
so sensitive to such losses, thicker
material is used and laminations might
typically measure 0.35 mm.
Axial flux and transverse flux
machines have different flux paths
from those in more widely used radial
flux machines, and sometimes the
flux moves in three dimensions. In
this case, the use of soft magnetic
composite or other 3D flux materials is
key, the alloys provider says.
Induction machines require high
magnetic permeability, the stack
producer notes, and one important
condition that the motor designer must
make is whether to use the same or
different materials – one optimised
for the rotor, the other for the stator
laminations. Using different materials
can result in a lot of scrap during
manufacturing, particularly with the
stator, for which segmented assembly
is a popular solution.
The alternative of using the same
material for both rotor and stator
laminations requires a steel optimised
for strength and with good – but less
than ideal – magnetic properties.
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The rotor would be assembled from
components made from this material
without further property-changing
treatment, says our second steel
producer, while the stator laminations
would be annealed at the customer’s
facility to optimise their magnetic
properties.
Annealing is a heat-treatment
process in which the steel is brought
up to a specific temperature, held at
that temperature to ‘soak’ and then
cooled at a controlled rate. As well
as enhancing the metal’s electrical
and magnetic properties, annealing
also softens it to make it easier to
work when cold and improves its
machinability.
As well as the fundamental
characteristics of the materials,
engineers must also take economic
and strategic factors into account
when making their selections, the
stack maker adds. These include the
number of steel mills that can produce
the steel to the right specification: the
specifications are quite demanding, so
the choice of available grades tends
to be limited, and changing suppliers
during a project is difficult.
Processability must also be
considered because, for example,
the thinner the material the more
laminations are required for a given
stack height. All these factors lead to
Demanding applications for electrical machines
make soft magnetic iron-cobalt alloys an
increasingly popular option in lamination stacks
(Courtesy of Carpenter Electrification)

longer processing times and the need
for more machines to stamp out the
layers.
With cost, power density and
efficiency over a wide speed range
in mind, says the speciality alloys
producer, thin-gauge silicon-iron
laminate seems to offer a good tradeoff between cost and performance
for now, with cobalt-iron materials
becoming an interesting option for
future high-performance applications.

Demanding power and torque
densities
Motors and generators with very
high power and torque densities are
particularly demanding on laminations.
A key reason for this is that this
performance is typically designed into
compact electrical machines that run
at ever-higher rpm, resulting in higher
internal switching frequencies along
with larger mechanical stresses and
stress fluctuations in the rotor, our
electrical steel producer notes. The
higher frequencies lead to larger losses
that must be compensated for with
better magnetic properties in the steel,
while the higher mechanical stresses
can lead to plastic deformation and/or
fatigue, requiring stronger materials to
resist these forces.
Laminations for motors designed for
high torque and power densities are
typically made from electrical steels
with high permeability. To achieve high
permeability, the alloying content of
the steel must be limited, and that
can make it more challenging to keep
power losses to a minimum.
However, such losses can be
kept down even in steels with lower
alloy content by reducing lamination
thickness, although high strengths are
not possible, according to the stack
manufacturer. The company also points
out that the processability in terms of
stamping behaviour of low-alloyed and
high-alloyed materials are different.
This is significant, because one
potential means of increasing
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these parameters in EV traction motors
is by using soft magnetic materials,
such as the aforementioned iron cobalt,
that exhibit high-induction and low-loss
characteristics, according to the alloys
provider.
Over the past decade, the lamination
tooling expert says, the pursuit of greater
efficiencies and higher rotational speeds
has seen much higher demand for
advanced means of ensuring the structural
integrity of laminate stacks through the
use of bonding varnish (also known as
backlack) and glue-dot bonding, with
implications for thermal management.

Managing heat flows
Heat in motors and generators comes
mainly from the losses in the electrical
steel in the rotor and stator, although
the copper losses from resistance in the
windings is also important.
Although using steel with low electrical
losses reduces waste heat at source,
the alloying elements used to achieve
this are principally silicon and aluminium,
which unfortunately reduce the steel’s
thermal conductivity. In most cases,
the steel supplier points out, low losses

are given a higher priority than thermal
conductivity, so waste heat has to be
managed by other means.
However, the thermal conductivity
of the stack as a whole can be
increased by full-face bonding of
the laminations using backlack,
because the varnish (which is
also an electrical insulator) has a
higher thermal conductivity than the
air left in the gaps between individual
laminations that don’t have full-face
bonding.
Laminations themselves have evolved
significantly over the past decade, with
thinner grades becoming available and
losses for a given thickness reduced,
particularly at higher frequencies, the
electrical steel supplier says. It adds
that new steels that exhibit better
combinations of mechanical strength
and magnetic losses have also been
developed.
In laminate manufacturing, the biggest
development over that period relates to
the strip thickness it is possible to use
in high-volume production, the supplier
adds. Around 10 years ago, the limit
was generally considered to be about

Some suppliers of motor lamination services
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With rotors requiring higher mechanical strength
than stators, one option is to use a material
optimised for strength and annealing the stator
core (Courtesy of Voestalpine Automotive
Components Nagold)

0.3 mm, but these days many projects
are looking at 0.2 mm and are aiming
to start production in the near future.
In current new projects, the
stack manufacturer notes, laminate
thicknesses of between 0.25 and
0.3 mm are already being used in
stators, with up to 0.35 mm for rotor
applications because of the need to
resist rotational forces. Demand for
higher strengths, meanwhile, is being
driven by engineers’ decisions to use
the same material for both stator and
rotor for the reasons outlined above.
For niche applications, however, even
thinner grades of electrical steel are
already in use, with some specialised
and highly efficient motors containing
laminations as fine as 0.1 mm, the
electrical steel supplier says.
Inevitably, industry looks for ways to
expand the application of technologies
initially suited only to narrow niches. To
that end, the alloys provider says it has
optimised the cost and performance
of 0.1 mm laminations for mass
production, pushing the practical
processing limit for niche applications
down to half that figure.

Drawbacks to slimming
In principal, the thinner the laminations
the better, because of their beneficial
effect on eddy-current losses at higher
switching and commutating
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Motors with high power and torque densities achieved at high speeds are tough on
materials, so they need steels that combine good magnetic properties with resistance to
stress (Courtesy of Tata Steel Europe)

frequencies, and consequently on
efficiency, but there are practical
drawbacks, the electrical steel supplier
adds. Thinner laminations are more
difficult to stamp and assemble into
stacks, which can cause quality
problems and increase costs.
The stack manufacturer points out
that thin laminations are not necessarily
better for permeability, as this desirable
property is independent of thickness.
What’s more, thin laminations don’t
improve the stacking factor either.
The stacking factor is the ratio
between the actual mass of the stack,
consisting of all the laminations and
any material between them, and its
theoretical mass if it were made of
solid steel, which would be the ideal
situation for amplifying the magnetic
fields generated by the copper coils if
it were not for the eddy-current issue.
Very thin laminations mean that more
of the stack’s volume is taken up by
the bonding/insulating varnish between
them.
Practical limitations affect how thin
the laminations can be made, however.
In addition to the stacking factor, these
include the effect on the capacity of
existing production lines, which is
reduced in relation to the thickness of
the material they are set up to process
and the relatively small number of
mills equipped to turn out such a thin
product, the second steel maker says.
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Furthermore, the thinnest grades are
more difficult to process into stacks. For
example, interlocking each layer with its
neighbours is considered impossible at
thicknesses of less than 0.25 mm, while
many more laminations are needed for
a given stack height, so more strokes
are needed on the stamping line, and
the thinner the material the more gently
and carefully it must be handled, the
company cautions.
This highlights the trade-off facing
motor designers between the benefits
of lower losses that flow from thinner
laminations. The speciality alloys provider
emphasises that a motor/generator
made with thinner laminations takes
longer to manufacture and costs more
than one built up from thicker ones.
Stack-joining techniques are often
chosen on the basis of the robustness
required of the finished stack, which
can differ between motor components
– for example, stators are not subject
to the same forces as rotors, the
alloys company points out. The most
appropriate joining technique can also
be affected by the required production
volume, with different methods
typically used in mass production and
prototyping.

Manufacturing advances
Lamination manufacturing technology
has moved on, pushed by the demand
for compactness in stacks along with

reduced noise and vibration. Also, the
geometrical accuracy of the stacks is
increasingly important, emphasises
the stacks manufacturer, which
puts pressure on steel suppliers to
provide material with highly consistent
mechanical properties to meet the
specifications.
Different stacking methodologies
have also been developed to maintain
the electrical insulation between the
laminations, with an emphasis on costeffectiveness for volume production.
Laminations for traction motors
built in high volumes, for example, are
typically cut and shaped from the sheet
metal in stamping machines equipped
with progressive die sets in which
the material passes from one stage
to the next, each stage performing a
simple cutting or bending operation
to produce the finished component.
Thinner gauges and more complex
lamination designs require more stages
in the die sets, says the metal forming
systems specialist, which therefore
have to be longer and need larger
presses to accommodate them.
The company has extended the press
bed of its latest machines dedicated to
EV motor production, providing space
for it to clamp the longer progressive
dies needed for increasingly complex
lamination geometries. These machines
also feature a control mechanism
developed in-house specifically to check
the depth of die penetration at each
stroke and adjust it in fractions of a
second, to ensure accuracy in formation
of the parts from the first stroke.
To form the rotor or stator core, the
resulting laminations can be loosely
stacked, interlocked, welded or bonded
with adhesives, or some combination
of them, the electrical steel maker
says, with cost and the required stack
tolerances being the most important
factors influencing the choice among
them.
Interlocking in the press, often
supplemented by welding, is the most
commonly used method, because
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it provides a good combination of
tolerances and cost. With interlocking
progressive tooling, small portions of
each single lamination are pressed
down into the one underneath it in the
die. Known as clinching, this forms tiny
depressions called dots that keep the
stack together.
Interlocking is a highly productive
and well-proven technology, the metal
forming systems provider emphasises.
It offers high output, easy stack
handling and a wide choice of suppliers
of production equipment such as tools
and dies. However, one increasingly
important disadvantage is that the
clinching dots create shortcuts between
the layers that are detrimental to the
motors’ magnetic properties.
Using very thin layers of steel though
makes it difficult to form these clinching
dots, resulting in small joining forces,
low stack density and sometimes
unsecured stacks. For this reason,
interlocking is reaching its limits as far
as stamping advanced traction motor
cores is concerned, with laminates
0.2 mm thick already proving a
challenge for the technique.
Gluing involves applying an adhesive
in the stamping tool before the rotor
and stator parts are cut out, then
pressing the layers together with
the glue in between. In this way, the
electrical isolation coating on the steel
remains undamaged, which is not the
case with interlocking.
This is an attractive alternative to
interlocking, because both interlocking
and welding increase eddy-current
losses in the stack, so there are
opportunities to increase quality by
using advanced bonding techniques,
says the electrical steel maker.
Two main adhesive bonding
technologies are used:
dotted gluing and
full-face bonding.
Because (as the term
suggests) dotted gluing
only fixes each lamination
to its neighbours in the
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locations where the dots are, it is not
as strong or as stable a method as
full-face bonding, which can produce
stacks that exhibit very fine tolerances
and high mechanical stability.

Backlack and full-face
bonding
At this point it is worth examining in
more detail full-face bonding using
backlack. The process is said to
contribute substantially to the behaviour
of the steel inside an electrical machine,
and is described as the least damaging
and most flexible means of joining
laminations to form a coherent stack.
Well-suited to the use of very thin steel,
it also allows for more intricate shapes
in the laminates, the metal forming
specialist says.
After the laminations have been
punched out of backlack-coated sheet
steel feedstock, they are thermally
bonded in two steps. In the first, the
applied heat softens the varnish and
then melts it after completion of a
chemical reaction that imparts high
bonding strength along with high
resistance to various media.
In the second stage, a further
increase in temperature hardens the
self-bonding varnish and transforms it
into a stable, highly crosslinked, highviscosity polymer. This material holds
the laminations together and fills the
gaps between them.
The technique provides
a great deal of design

freedom, allowing for the thinnest webs
and tightest tolerances without having
to consider bonding points such as
welding seams and clamps. Without
imperfections such as welding seams,
for example, which could change the
properties of the base material, the
steel also retains its desirable magnetic
properties.
Another benefit is mechanical
stability, as the process prevents the
laminations from fanning out and
produces a compact stack that can be
easily milled to accept the magnets.
There are also acoustic advantages,
the stack manufacturer notes, as the
varnish between the layers of steel has
a strong damping effect that reduces
noise and vibration.
With additive manufacturing (AM)
techniques such as 3D printing
making inroads into many areas of
industry, it is natural to look at electrical
machine laminations in the light of the
technology.
So far, its impact has been very
small, because it faces a fundamental
difficulty when it comes to reducing
eddy-current losses in the final rotor
or stator, and production of rotors and
stators as single pieces by AM would
lead to poor magnetic behaviour.
Theoretically, laminations could be
produced, but only as proof-of-concept
or prototype parts, says the

For interlocked motor
laminations, this high-speed
press can process a strip width
of up to 600 mm and a material
thickness of down to 0.2 mm
(Courtesy of Schuler Group)
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A production station for a cold-stamping process for lamination stacks, which
combines prime electrical steel with a full-face bonding process (Courtesy of
Voestalpine Automotive Components Nagold)

stack manufacturer. Their chemical
composition would be acceptable,
but grain size and texture would differ
from those of good standard material.
Soft magnetic composites
consisting of ferromagnetic powders,
the particles of which are surrounded
by an insulating film, can be built
up into complex 3D shapes in AM
machines, and they have found uses
in electromagnetic systems.
However, the permeability and
strength of the cores in which they
are used is relatively poor and have
so far limited the applicability of
these materials. While they have
the potential to reduce losses
and improve power density, the
technology has some way to go
before it is mature enough to
demonstrate parts with the right
mechanical and magnetic properties,
along with the scalability for volume
production.
As an aside, the use of AM could
lead to improvements in the design
of the dies used to stamp out the
laminations, because stamping is so
much quicker and more efficient.
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Future directions
The trend towards thinner laminations
with lower losses and greater strength
is expected to continue, says the
electrical steel maker, adding that
bonding technologies will evolve. If
they prove low enough in cost and
fast enough in manufacture, they
could replace interlocking and perhaps
even welding as a means of holding
laminated stacks together. The use of
backlack in particular is expected to
grow.
Lamination thicknesses down to
0.25 mm are expected to be
routinely used in large commercial
production runs, according to the
stack manufacturer, while stressrelief annealing is likely to see more
widespread use to remove the influence
of the stamping process on magnetic
properties.
Motor designers are expected to
continue introducing more complex
features into lamination stacks in the
effort to optimise cooling as well as
magnetic performance and overall
efficiency, the speciality alloys provider
says, who also anticipates that further

progress in automation and process
optimisation will lead to consistent
and tighter geometric tolerances.
Further, with enhanced testing finding
disparities between magnetic samples
and the final stack, it provides an
opportunity to target the specific
problems revealed.
Traction motors are expected to
benefit from improvements in the way
backlack is used, with a focus on
greater automation to deal with the
problems arising from the need to
handle loose laminations, for example,
better suiting it to mass production.
The metal forming specialist
has developed a fully automated
system that collects freshly stamped
steel layers from underneath the
progressive die set and transfers
them to free-standing bonding units.
These units are designed to allow full
control of process parameters such
as pressure, temperature and time,
and are offered as a turnkey end-toend system encompassing all the
processes, from de-coiling of the raw
material to completing the stack.
The company proposes a system
combining a high-speed press and
bonding stations capable of turning
out more than 500,000 bonded rotor
stack a year, with the flexibility to
adapt to different part sizes, volumes
and ramp-up rates, and with digital
solutions for traceability, data archives
and process improvements.
This kind of approach is likely to be
essential to generate the production
volumes required to electrify global
transport in the timescales currently
envisaged.
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W

hile governments have
not made any noises
about banning aircraft
that burn hydrocarbon
fuels, as they have with road and other
vehicles, aviation is nonetheless under
a lot of pressure to decarbonise (writes
Peter Donaldson).
As the automotive industry is further
along with vehicle electrification than
the aviation sector, it is natural to
wonder whether the future of electric
aircraft might mirror the recent past
and the present of electric cars, with
hybrids flourishing first but being
caught up and passed by battery EVs
as battery technology improves, and
with hydrogen fuel cell cars – so far –
being little more than curiosities.
There are, however, strong
indications that electric aviation’s path
will be different.
Fundamentally, aircraft are much
more sensitive to weight than ground
vehicles, so the relative energy
densities of fuels and batteries is even
more important, as is the additional
weight of ancillaries needed to support
energy storage and conversion.
Known as the balance of plant, this is
a particular consideration with fuel cell
systems.
Power failures in aircraft pose far
greater risks than in ground vehicles,
and electric power is particularly
well-suited to distributed propulsion
systems that provide redundancy
through multiple motors without
suffering the inefficiencies as the same
approach using IC engines.
At the lighter end of general aviation,
the fixed-wing basic training aircraft
market for example could be disrupted
by purpose-built battery-electric aircraft
(BEA) such as the eFlyer 2 from Bye
Aerospace, thanks largely to an hourly
cost claimed to be half that of an
equivalent avgas-fuelled trainer.
The nascent urban air mobility sector
is also dominated by battery-powered
eVTOL machines. Even though VTOL
is very energy-intensive, zero local

74

EME012_PS.indd 74

emissions are a fundamental selling
point, while range and endurance
requirements are modest, so batteries
are a good solution.
Hybrids offer much greater ranges,
along with zero local emissions if
they take off and land under electric
power, and small or negligible carbon
footprints if they burn ‘green’ aviation
fuel derived from biomass. However,
emissions en route are likely to be
subject to increasingly stringent
environmental regulations sooner
rather than later, so the window of
opportunity for aircraft with fuelburning hybrid powerplants is likely to
be relatively narrow.
Nonetheless, much innovative
thinking is in evidence with
programmes such as the Faradair
Bio-Electric Hybrid Aircraft, billed as

powerplant, enabling fuel cell electric
aircraft (FCEA) to take advantage of
the energy density of compressed
hydrogen gas or even cryogenic liquid
hydrogen to achieve three times the
range of an equivalent pure BEA.
In a pure BEA, the inventory of
primary components can be as short
as a battery, inverter and motor, while
FCEA powerplants are more akin to
hybrids and similarly characterised as
either series or parallel in architecture,
both of which include a battery to meet
rapid changes in power demand, as
fuel cells are relatively slow to respond.
When they do respond though they
can develop a lot of power. ZeroAvia,
for example, is looking to use a
hydrogen fuel cell powerplant capable
of delivering over 3 MW, and plans to
offer it in a 19-seat Dornier 228 regional

Hybrids flourished
first for electric cars
but electric aviation’s
path will be different
an STOL workhorse sized to carry
18 passengers or 5 tons of cargo on
regional routes up to about 1150 miles
and capable of battery-only flights of
up to 15 minutes.
Some analysts conclude that
hydrogen fuel cells have good longterm prospects in large fixed-wing
aircraft, perhaps better than in ground
vehicles.
Large aircraft have more volume and
weight-lifting capacity to accommodate
a bulkier, heavier and more complex

airliner by 2024, scaling up to a 76-seat
Dash 8 Q400 by 2026. The company is
also working with Mitsubishi on a zeroemissions powerplant for regional jets,
both for new aircraft and as retrofits, to
be available by about 2028.
Batteries cannot be ruled out for
long-range aircraft, however. Elon
Musk, for example, has said that a
specific energy of 400 Wh/kg would
make batteries competitive with
kerosene, and that they could be
available as soon as 2025.
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