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1. The rare earth problem facing offshore wind

Offshore wind growth to 2050
To meet global climate goals, offshore wind must expand by a factor of almost 50 between 2020 and 2050.
1,400 GW of offshore wind is
required by 2050 to support
global climate goals
Between 2020 and 2030, global offshore wind is
forecast to grow by a factor of 8. Between 2020 &
2050, global offshore wind must increase by a
factor of 48.
On average we will need to install 46GW a year
between 2020 and 2050 to hit the 1,400GW target.

That means our average installation rate over the
next 30 years needs to be over 30x higher than
over the last 20 years.

We are on track to reach
234GW of offshore wind by
2030
At end 2019, after 20 years of
growth, 29GW of offshore wind
had been installed globally
4

While offshore wind is a mature industry, capable
of delivering low cost, low carbon power, it has yet
to reach the foothills of its climb to global growth.

Rare-Earth demand is forecast to outstrip supply by mid 2030s
Growth is driven mainly by wind and EV growth

Forecasts show that global annual demand for neodymium oxide will substantially exceed demand by 2030 leading to shortages of these critical magnet
materials if additional sources of supply are not developed. Forecast demand growth would require an increase in rare earth production of 15% each year,
equivalent to opening a new mine the size of California’s Mountain Pass each year (or the size of Batou mine every three years)
Offshore wind alone is expected to become one of the big demand users of rare earth magnets. Currently estimated to need 10% of demand, offshore wind
growth projections show that rapid scale up of demand from offshore wind mean this single industry’s own demand will exceed total current world supply by
2035.

Sources:

Left, Adamis Intelligence 2019
Right, LumenEE analysis of rare earth demand based on GWEC Market Intelligence & OREAC offshore wind forecast
Forecast growth and mine equivalence from Physics Today, February 2021

Offshore wind is uniquely exposed to rare-earth risk
It breaks the smaller, faster, lighter product rule

Concerns over access to rare earth elements have
been identified as a strategic threat by the EU and the
US and UK Governments.
China has emphasised publicly that it would use
access to rare earth elements as a means of protecting
what it sees as its strategic interests.

Consequently, there is a focus on identifying
alternative sources of rare earth materials, and
seeking to minimise their use where possible.

x200
A single 14MW direct drive turbine requires the same amount of rare earths as 23 F-35 fighter jets, or 3 US navy
submarines or 1,000 electric vehicles. Despite this higher dependency, the offshore wind sector viewpoint is
predominantly one of underplaying rare earth risk or relying on actions from governments such as EU to implement
successful policy action to tackle dependency on Critical Raw Materials.

2. GreenSpur’s technical approach

GreenSpur’s axial flux generator
•

Existing multi-MW DD-PMGs adopt a
radial-flux design.

•

Ferrite has 1/3rd of the flux density of a
typical sintered NdFeB magnet, so more
material is needed.

•

Move to an axial-flux design opens up
“unused generator area”, which enables the
generator to operate within the same
space envelope.

•

Extensive research has been undertaken to
optimise the design.

The unused generator area of a radial flux design

Starting from the original concept of removing Rare Earth Element (REE) magnets from large
scale wind turbines, GreenSpur has:

Approach

1. Developed an architecture to achieve this with suitable weight and other benefits to reduce
risk to developers / OEMs and reduce Levellised Cost of Energy.
Significantly, GreenSpur IP has solved the challenges which have previously restricted Axial
Flux motors and generators being deployed at scale in low speed applications
2. Designed, built and tested 3 prototypes scaling from 2kW, through 75kW, to a single 250kW
stage of a 1MW generator (tested at the ORE Catapult in August 2019 and September 2021)
✓ And in doing so, developed Intellectual Property / Patents covering design and manufacturing
method

3. Commissioned Feasibility Study completed in August 2020 on the potential to scale to 12MW
by leading global engineering and environment consultancy, Ricardo confirmed:
✓ Technology Readiness Level (TRL) 4 is achieved
✓ The architecture is suitable and scalable
✓ There are still considerable options for design, material and manufacturing improvements to
drive down weight and LCOE during future scale up
✓ There are achievable technical options for integrating the GreenSpur design into offshore wind
turbines

4. Invested in design capability and tools to improve modelling of scale up into wind turbines,
and continue to drive down weight and LCOE
5. Developed a Strategic Technical Roadmap to Technology Readiness Level 7 and into real wind
turbines via:
✓ A “Substitutional Design” of similar form and fit to a conventional generator – allowing minimal
redesign by an OEM to trial in real offshore turbines at scale

✓ A “Disruptive and Optimised System Design” where the OEM designs the turbine to achieve the
full LCOE benefits that the GreenSpur design is capable of delivering

Development of the GreenSpur Architecture
The design decisions. Avoiding rare earths means charting a course between positive and negative consequences
Innovation, Design, Prototyping, Testing, Evaluation
Axial Flux Generator

Each GreenSpur design decision had positive and negative consequences, but
GreenSpur has has developed IP which overcomes the main negative
consequences – delivering a REE free generator without the expected increase
in weight and with some significant advantages for wind turbine system
integration.
Alternatively, the GreenSpur Architecture offers a route to higher performance
using REE magnets, and the IP may offer value to other, non-wind, applications
where an Axial Flux Architecture is advantageous.

THE GOAL

Eliminate Rare Earth
Element (REE)
Magnet Material
•

And substitute with
lower cost (~1/40th)
and widely available
Ferrite magnets

• Lower price /
• Ferrite has 1/3rd
availability /
of the flux density
reputational risk
of a typical
• Other advantages
sintered NdFeB
of ferrite including
magnet, so more
• Easier handling
material is
• Higher
needed.
operating
temperature
• Better
corrosion
resistance
=> Larger & heavier, but potential
cheaper generator
(although heavier machine has knock on
effect on turbine structure)

The GreenSpur Architecture

The wind industry moved to direct drive with permanent magnet generators
(PMGs) to overcome reliability issues offshore with geared machines. Rare
Earth Elements (REE) offer exceptional magnetic performance per unit weight
(tesla/kg), and so all PMGs are based on REE magnets. GreenSpur’s challenge
has been to deliver the Cost of Energy achieved with conventional PMGs with
sustainable ferrite magnets which have ~1/3 flux density of NdFeB, while
locking in the ferrite magnet benefits.

• More magnetic
material / m3
• Reduced volume
• Reduced
structural material
weight & cost
• Modular design
options

• ~1/3rd flux density
of NdFeB
✓ Massively
mitigated by GS
patent on Coil
Placement

• Vibration issues for
low speed Axial
Flux machines

+

✓ Eliminated by GS
patent

Aluminium Coils
• Lighter and much
cheaper (1/4) than
copper
• More power
dense than
traditional copper
coils

• Less developed
supply chain
• Less developed
winding
technology
✓ Solved by GS
patent

+

2015-2019
3- Prototypes built
and tested
✓ With improved GS
patents

1. Verification of
Technology Readiness
Level (TRL) 4
2. Substantial support for
scalability
3. Substantial support for
material improvement
savings &
manufacturing savings
4. Achievable technical
options for turbine
integration identified
5. But concerns about
achieving weight
parity
✓ Addressed by Strategic
Technical Roadmap

Forced Air Cooling
• Cheaper, lighter
and lower
maintenance

Feasibility
Study by

• Potentially less
cooling ->
complex design
✓ Solved by GS
patent

Development of the GreenSpur Architecture
Axial Flux Generators and Motors Explained & Compared
GreenSpur’s generator design is based around an Axial Flux architecture, as opposed to the more
conventional Radial Flux architecture used in most motors and generators, and used by all other generators
in the wind market.
In conventional, Radial Flux generators, the rotor (rotating part of the generator) and stator (stationary part)
are concentric cylinders, with magnetic flux flowing in between them. The flux lines are flow to and away
along “radial lines” from the axis of rotation of the generator, as shown in the left-hand diagram.
In an Axial Flux generator, the rotor and stator are arranged as discs along the axis of the machine, and the
magnetic flux flows parallel to this axis as “axial lines”, as shown in the right-hand diagram.
The GreenSpur design is modular, with each module containing a rotor, into which the magnets are
embedded, sandwiched between two stators into which the coils are placed and in which the current is
induced. See the diagram (right, below).
Each architecture has its pros and cons. Of note:
•

•

The current induced in a coil is proportional to the speed it is moving through a magnetic field and the strength of
the field
•

Radial flux has the coils far from the axis of rotation, thus moving faster through the magnetic field

•

Axial Flux allows a far greater surface area of coils and magnets to interact

Forces and vibrations are experienced differently:
•

Radial Flux has high forces at the stator carrier and the rotor
=> Requires a strong (heavy) frame so that air gap can be reliably maintained

•

Axial Flux stator frame has high axial forces and low radial forces, and the rotor sees no axial or radial forces
=> Simpler stator and less frame stiffening required

•

Axial Flux loses very little magnetic flux density with larger air gaps between stator and rotor. A larger air gap allows
easier manufacturing and greater tolerance of movement under load.

•

Axial Flux allows a simpler cooling mechanism

•

Axial flux is prone to cogging at low speed (induced vibration from a less smooth rotation) – but GreenSpur IP has
eliminated this.

•

The challenges of manufacturing the stator laminations and the inner coils has historically limited deployment of Axial
Flux machines, but GreenSpur IP has overcome these issues.

Development History - Prototypes
3 prototypes built and tested to develop and prove the architecture

2015

2017
75kW

2kW

3-stage demonstrator

3-stage prove of concept
Technical Design:

Technical Design:

2019
250kW

Single stage prototype (part of a 4-stage 1MW design)
Technical Design:

3-stage, modular ,
Axial Flux
architecture

•

Same 3-stage, Axial Flux architecture

•

Single stage Axial Flux

•

Diameter increased to 1.5m

•

Diameter increased to 3.5m

•

Ferrite magnets

•

•

Further magnet optimisation

•

Copper coils

Optimised magnet and coil
configuration

•

Introduction of lighter & cheaper aluminium coils

•

1m diameter

 Output increased x37 to 75kW

•

Introduction of “Zero Vibration” patented feature

•

Tested at ORE Catapult Oct 17

 Output per stage increased x10 to 250kW, with
weight savings and better features
Tested at ORE Catapult Aug 19 and Sep 21

In building these prototypes, GreenSpur has demonstrated that it has
overcome the challenges that have stalled deployment of Axial Flux
machines: winding of inner coils; stator plate laminations; and vibration

3. Market Reaction

Market reaction to the GreenSpur rare-earth free generator
18 members of the UK supply chain interviewed with OREC Q4 2020

• We have presented our initial concept to the market – OEMs and developers. Their
reactions were: “it’s a great idea, but you will be too heavy.” This is not surprising
as our magnets are much weaker than neodymium rare earth.

• In Q4 2020, we interviewed 18 active members of the UK supply chain with the
support of the ORE Catapult (UK equivalent of NREL). The impact of REE supply
chain risk was acknowledged, but again the issue of weight was brought up.
• We were advised to conduct an evaluation of our generator technology using the
NREL 15MW Reference Turbine.
• With the help of Warwick Manufacturing Group (WMG) we developed out own
internal System Model using the NREL 15MW Reference Turbine. Initial analysis was
completed in the summer of 2021.

4. The impact of new higher strength
rare earth free magnet technology

The market was right at the time, but we now have a solution!
Based on an initial assessment using a new Iron Nitride Magnet from Niron Magnetics
Generator
Stages

Generator
Mass (t)

ⴄGENERATOR
@ 15MW

3

440

86.04%

4

570

92.39%

5

698

94.34%

6

828

95.44%

3

440

91.89%

HITACHI
NMF 15-G

4

570

94.49%

5

698

95.75%

GSW1394

NIRON Gen 1
Iron Nitride

2

346

96.45%

The Gen 1 CEM from Niron delivers a
game changing solution

NREL (Benchmark)

NdFeB
N40H

1

387

96.50%

NREL sets a Target Mass Value

Design Case

GSW1370

GSW1371

Magnet Type

Ferrite
Y33H

• The Niron’s Gen 1 Clean Earth Magnet (CEM) delivers a game changing solution
• The offshore wind CAPEX spend between to 2050 is estimated to be circa $2tn
• Generator mass of 346t is an initial estimation and needs validation

Comment

Low Strength Ferrite Magnet could
not get near the Target Mass Value

Higher Strength magnet make an
improvement but are still too heavy

Mass Reduction Achieved via Gen 1 CEM
Sensitivity of Generator Mass with Increasing Permanent Magnet Strength
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5. Conclusions
• We need to look at new ways to managing rare earth risk.
• New intermediate higher strength magnets, such as the Gen 1 CEM from
Niron Magnetics, will make new substitution technologies commercially
viable. The GreenSpur generator is just one example!
• There are BIG prizes available in several multi £TN global markets.

• Collaboration will be essential.
• GreenSpur has a unique solution and is looking for partners to bring
its technology to market.
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