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Abstract

OWTs and WEEEs have both been found to contain NdFeB permanent magnets, which are
both valuable sources for the recovery of REEs. At the same time, OWTs have been found to
contain many electrical components that may not officially fall under the WEEE direct but share
many similarities with WEEE. While there is little known about the recycling of OWTs and their
electrical components due to their recent introduction, the recycling of WEEE has been studied
more extensively and is a more mature industry.

To determine the preferred recycling route for permanent magnets from OWTs, a compar-
ison was made with the characteristics and the recycling routes of permanent magnets from
WEEE. The disassembly was found to be the most critical part to enable an efficient recycling
process, leading to the objective of how can permanent magnets be disassembled from OWT
generators. It was found that the disassembly of magnetised magnets at the scale of OWTs is
challenging due to the forces required to move them and the brittleness of the materials. For
efficient disassembly, the permanent magnets need to be locally and thermally demagnetised.
Through a series of interviews, desk research, a lab visit and a site visit to Cuxhaven a concept
for the disassembly of permanent magnets from OWTs was developed.

It was found that induction heating a copper coil wrapped around U shaped core to transfer
heat to the permanent magnet via conduction is a potential scalable, automatable and time-
efficient solution for demagnetisation. The power required to heat the coil depended predomi-
nantly on the time taken to heat the core as well as the contact surface area of the core with the
permanent magnet, the mass of the conductor and the material chosen for the conductor. After
thermal demagnetisation, the magnet can be removed while the magnetic is still hot or after
cooling, dependent on the thermal expansion coefficient, effect of re-magnetisation and rema-
nence of the magnet. Depending on the acceptable remanence to be able to handle the magnet,
it may not be necessary to heat the magnet up all the way to the Curie temperature. The solution
proposed in this study is just one of many options towards the recycling of permanent magnets,
thus alternative solutions such as direct induction of complete thermal demagnetisation should
also be considered.
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Introduction

Wind energy is one of the fastest-growing sources of renewable energy and plays a critical role
in achieving the energy transition to combat climate change (Bonou et al., 2016; Saraswati, 2020;
Tazi et al., 2019; Tota-Maharaj and McMahon, 2021). Since 2010, the offshore wind sector has
grown by nearly 30% per year, with an estimated capacity growth of up to 450 GW by 2050 in
Europe (Caglayan et al., 2019; Hernandez C et al., 2021). To meet the rising demand, offshore
wind turbines (OWTs) have increased in size throughout their development, driven by the need to
reduce the Levelised Cost of Energy (LCOE).

Percentage of global warming contribution from each life cycle stage (g CO, eq/kWh)

100%

o
80% 1%

60%
40%

9
20% 1% 19%

6%
-
0

Materials Manufacturing Installation Operation &
Maintenance

Dismanting &
end-of-life

Figure 1.1: Percentage of global warming contribution from each life cycle stage (gCO,eq/kWh) (Siemens Gamesa, 2014)

The increasing number and size of OWTs will necessitate a substantial quantity of materials.
Their extraction is the main contributor to global warming through an OWT's life cycle, as shown in
Figure 1.1, which has also been corroborated in various studies (Hernandez C et al., 2021; Jensen
et al., 2020; Moller et al., 2012; Yang et al., 2018). Moreover, renewable energy systems, such
as wind, also impact the demand and availability of critical raw materials (CRMs) which include
various groups of materials such as rare earth elements (REEs), platinum group metals (PGMs) and
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Chapter 1. Introduction 1.1. Offshore Wind Turbines

precious metals (Farina and Anctil, 2022; Kim et al., 2015).

After 20-40 years of service life, offshore wind turbines typically reach their End-of-Service
Life (EoSL) or End-of-Life (EoL) (Ortegon et al., 2013). To ensure there are sufficient resources
to meet the rising demand and reduce the environmental impacts of offshore wind turbines, it is
important to manage the waste and material flows at their EoL (Jensen and Remmen, 2017; Tazi
et al., 2019; Wang et al,, 2019). The extraction of raw materials could be significantly reduced if
the components and their materials are reused and recycled effectively (Harivardhini et al., 2017;
Jensen et al., 2020; Johnson et al., 2007).

Within the OWTs, the nacelle, which is part of the wind turbine generator (WTG), is where
the vast majority of the electrical components such as the transformer, converter and generator
are located. These components have been found to contain the most valuable materials due to
the presence of large quantities of CRMs, including REEs such as Neodymium (Nd), Praseodymium
(Pr) and Dysprosium (Dy) among other materials such as Copper (Cu), Nickle (Ni) and Molybdenum
(Mo). Therefore this study will focus on the electric components in the nacelle of the WTG.

1.1 | Offshore Wind Turbines

Offshore wind turbines (OWTs) are large in-
dustrial products, which can be perceived as
either a large piece of machinery or equipment,

that converts offshore wind energy into elec- hub

tricity. This electricity is then transferred back o mee ] ra

to shore via a transformer platform and a grid blade tower

connection . When multiple OWTs are placed /

together they create an offshore wind farm sifshore
(OWF). These OWTs are linked to the grid via o amsition ind

support

piece
structure

cables to a substation which enables energy
transfer back to shore.

i
ladder ) ¢
boat landing ‘
o antte |

power scour
cable protection

udline

scour hole

OWT Components

foundation
pile

OWTs are generally split up into two main
sections, the wind turbine generator (WTG)
and the balance of plant (BoP). The WTG is
comprised of components above the water, Figure 1.2: Overview of the CrossWind wind turbines’ main
whereas the BoP consists of infrastructure Partsand components (van der Tempel, 2006)
that supports the WTG, mostly below the wa-
ter. Figure 1.2 depicts the different components for a monopile type offshore wind turbine, where

the components above water in white and remaining components below water correspond to the
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Chapter 1. Introduction 1.1. Offshore Wind Turbines

WTG and BoP respectively.

An OWT is constructed of around 25,000 components, of which the three main components
of the WTG are the nacelle, tower, and rotor and of the BoP are the platform, foundation, and
cabling (Carrara et al., 2020). A more detailed overview of the parts and components of the WTG

along with their function and supplementary details is shown in Table 1.1.

Part Components Description Details (approx.)
WTG
Rotor Extracts & converts kinetic to rotational energy in the drive chain Diameter 170-200m, £1.7m
Blades Captures & transfers kinetic energy to mechanical 90m long, 6m wide, £1.3m
torque & speeds in generator
Blades Enable adjustment of pitch angle of blade to control 4 point contact ball bearings, 4m
bearings OWT power output diameter rings, £200,000
Hub Connects blades to main shaft & transfers loads from £150,000
blades to generator
Pitch sys- Rotate blades to the desired position using a pump Utilises oils, cooling system and
tem station, hydraulic hub assembly, pitch cylinders & aux- ~ accumulators
iliary systems
Nacelle Supports the rotor and transfers loads from generator to tower, carries  20-25m long, 9-12m wide, 7-9m
yaw system and electrical drive chain high, £4m
Cover Provides waterproof protection, support & access to 20t, £100,000
internal & external components
Main shaft Extracts & converts kinetic to rotational energy in the £200,000
drive train, transfers torque from rotor to the genera-
tor
Main bear-  Supports rotor, transfers part of the rotor loading to £200,000
ing bedplate
Bedplate Main structural component, supports the drive train £200,000
& other components
Generator Converts mechanical torque from rotating hub & Max. 810V, output up to 9400
blades to electrical energy kW, >£2m
Yaw system  Orients the nacelle in the wind direction (upwind) 10 yaw motors (1t, 690VAC),
while operating to optimise power production gearboxes, 10 yaw brakes, sen-
sors £170,000
Yaw bear- Connects the nacelle & tower, yaw system orients na- 4 point contact ball bearings, 6m
ings celle in desired direction diameter rings, 10t, £70,000
Power elec-  Adjusts voltage & frequency of energy from generator ~ Cabling, switch gear, transformer
tronics for transfer to OWF electricity distribution system and converter, £700,000
Transformer  Links OWT to the grid, steps up low output voltage Transforms 0.69-3.3kV to 33-
from generator to higher distribution voltage level 66kV
Converter Keeps the output current and frequency of turbines
consistent with the grid
Tower Tubular steel structure, supports nacelle & transfers loads to founda-  100-110m height, 5-6m top & 7-
tion 8m base diameter, £700,000
BoP

Monopile Supports the WTG, transfers loads from tower to seabed

40m depth, 10m diameter, 120m
length

Table 1.1: Overview of the different parts and components that can be found in an OWT and their description based on
(BVG Associates, 2019)

The different types of offshore wind turbines can be distinguished by their foundation or rotor
type, number of blades or power generation system. These types will vary depending on the
preferences of the wind park owner as well as the location and conditions of the offshore wind
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Chapter 1. Introduction 1.1. Offshore Wind Turbines

farm (Hernandez C et al., 2021; Jensen et al., 2020; Smith et al., 2015).

78% of the offshore wind energy sector in Europe are being built with monopile foundations,
made of predominantly steel and concrete (Topham et al., 2019). Since monopiles are relatively
simple in terms of their materials and construction as can be seen in Table 1.1, these are not
interesting to study from a material perspective. Therefore the remainder of this study will focus
on the WTG part of an OWT.

The main parts of an WTG are the rotor, nacelle and tower, which are configured as shown in
Figure 1.3. The blades are connected to the hub through blade bearings, which allow the pitch
system to pitch the blades, collectively making up the rotor. The nacelle consists of the generator
which connects the hub and the nacelle via a main bearing that allows the rotor to rotate. An
additional yaw system connects the nacelle to the tower, which allows the nacelle to rotate relative
to the tower.

Figure 1.3: Image of the top of an SG 11.0-200DD which shows the rotor nacelle assembly (RN or RNA) obtained from
CrossWind/SGRE

An offshore wind turbine will contain several electric and electronic parts and components,
such as transformers, converters, cables, generator and motors in order to function. Although it
serves as a piece of electrical equipment, it is not formally recognised as WEEE once it reaches its
EoL. This will be discussed in more detail in Section 1.2.

OWT Materials

An OWT uses a diverse range of materials, where Table 1.2 provides an overview of the ma-
terials used in an OWT based on data from Arrobas et al. (2017), which was extrapolated to de-
termine the quantity of materials for an 11MW turbine. This was compared to data found online
on a 9.5MW and 15MW reference turbine in Table 1.3

The global warming contribution, measured in CO,eq, of the main components of an offshore
wind power plant and the contribution per material group in the wind power plant are depicted in

4



Chapter 1. Introduction 1.1. Offshore Wind Turbines

Metal [kg/MW] [%] Mass [t]
Aluminium - - -
Boron 7 0.005 0.077
Chromium 902 0.601 9.922
Copper 3,000 1.998 33.000
Dysprosium 25 0.017 0.275
Iron (magnet) 455 0.303 5.005
Iron (cast) 23,900 15918 262.900
Lead - - -
Manganese 80.5 0.054 0.886
Molybdenum 136 0.091 1.496
Neodymium 186 0.124 2.046
Nickle 663 0.442 7.293
Praseodymium 35 0.023 0.385
Steel 115,000 76.592 1.265
Terbium 7 0.005 0.077
Zinc 5,750 3.830 63.250

Table 1.2: Estimation of materials used in a an 11MW WTG based on data from (Arrobas et al., 2017)

WTG Component Materials 9.5MW [%] 11IMW[%] 15MW[%]
Rotor 15.63 19.40 10.42
Blades 9.22 9.59 10.42
Blades Glassfibre reinforced plastic, epoxy resin ~ 9.22 9.47 1042
Bolts M30 or M26 grade 10.9 bolts - 0.12 -
Hub 6.40 9.81 10.12
Machined hub Low alloy steel, cast iron 6.40 4.24 10.12
Blade bearings Castiron, rings (42CrMo4), balls (100Cr6) - 0.65 -
HPU - 0.21 -
Spinner - 0.26 -
Others - 4.45 -
Nacelle 29.13 25.19 33.63
Back-end 15.69 10.26 12.56
Casted bedframe Sctf; iron (ENGJS40018ULT), 355 grade ,, o5 3.32 3.75
Yaw system Low alloy steel, rings, balls 3.37 1.37 5.33
Cover Glassfibre reinforced plastic, epoxy resin ~ 0.38 1.01 0.61
Transformer 1.60 2.22 1.81
Converters - 1.04 0.85
Read end structure 7.75 0.96 0.21
Others - 0.33 -
Generator 13.43 14.94 21.07
Fixed shaft High grade steel 0.53 1.74 0.84
Main bearing Steel 0.27 1.39 0.42
Segments Iron, copper, magnets 5.95 4.46 11.41
Rotor housing Reinforcing steel 6.68 2.68 8.38
Brake system - 1.46 -
Others - 3.21 0.02
Tower 55.25 55.41 45.83
Structure Low alloy steel, concrete 55.25 53.02 45.83
Flanges - 2.39 -

Table 1.3: Materials and masses per component a for a Vestas 9.5MW, Siemens 11MW and GE 15MW OWT respectively,
adapted from (BVG Associates, 2019; Garcia-Teruel et al., 2022) and SGRE

Figure 1.4 and Figure 1.5 respectively. These numbers are based on the absolute quantities of ma-
terials and are not relative to the size of component or value of the specific material constituents.
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Global warming contribution of main components in the wind power plant (CO; eq)
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Figure 1.4: Global warming contribution of main components in the wind power plant (CO,eq) (Siemens Gamesa, 2014)

Global warming contribution per material group in the wind power plant (CO; eq)

Other materials (2%)
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Figure 1.5: Global warming contribution per material group in the wind power plant (CO, eq) (Siemens Gamesa, 2014)

Steel has a global warming contribution of 62% and is therefore the main contributor at a
material level, as shown in Figure 1.5. On the other hand, the tower and foundation contribute
17% and 37% to global warming at a component level, as seen in Figure 1.4. The impact of steel is
related to the fact that the tower and foundation are two of the largest components, by weight, of
an offshore wind turbine, which are made up of mostly steel. Furthermore, steel is also a material
thatis relatively easy to recycle at a high grade due to the maturity of the steel production industry.

When the steel parts in Figure 1.4 and 1.5 are neglected, it can be seen that the blades and
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the corresponding epoxy and fibreglass as well as the generator and the NdFeB magnets become
prevalent. In the past, studies into the environmental impacts of OWTs have often concluded that
the blades made of fibreglass composites, are the major problem as shown in Figure 1.6. As such,
recycling studies on OWTs have focused on the blades and composite materials rather than the
retrieval of valuable materials and dismantling.
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Figure 1.6: Assessment of the environmental impact and uncertainties involved in dismantling, recycling and disposing of
wind turbines and their components (Andersen et al., 2014)

While a lot of research has been done into the recyclability of blades, not a lot is known about
the recycling of REEs from OWTs. Moreover, based on the recycling rates calculated by Ander-
sen et al. (2014), the electronic components of offshore wind turbines have the lowest recycling
rate, where 50% is treated as waste. In addition, studies in the past have not accounted for the
increased use of rare earth materials in newer turbines.

Seeing as NdFeB magnets are responsible for 3% of the impact based on Figure 1.5, it is im-
portant to know more about how recycle and recovery the magnets and REEs. Therefore, the
recovery of NdFeB permanent magnets from direct drive OWTs will be the focus of this study.

1.2 | Waste Electronic and Electric Equipment

WEEE, Waste Electronic and Electric Equipment, otherwise known as electronic waste (e-waste),
is defined as “a term used to cover items of all types of electronic and electric equipment (EEE)
and its parts that have been discarded by the owner without the intention of reuse” (United Na-
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tions Environmental Program, 2018). WEEEs are characterised by their material complexity, which
in combination with the presence of hazardous materials can make it difficult to recycle WEEE.
To recover the valuable resources from WEEE, a proper waste management strategy is required
(Evangelopoulos et al., 2019; Hicks et al., 2005; Pérez-Belis et al., 2015; Vanegas et al., 2018).

OWTs are also known to contain various electronic components such as converters, trans-
formers, generators and motors as mentioned in Section 1.1. While there is little experience in
the recycling of OWTs, the recycling of WEEE is well established. As such, this study explores
what the offshore wind industry can learn from the recycling of WEEE. This is done by looking at
the differences and similarities from a materials perspective, as well as in their processing.

WEEE Classification

The tremendous speed of technological development has led to an exponential growth in the
production of WEEE. To contribute to sustainable consumption and production and address the
environmental issues related to the rapid growth of discarded electronics, the European Com-
mission introduced the WEEE directive. The directive includes equipment that is used for the
generation, transfer or measurement of the currents and field and is limited to equipment de-
signed for use with a voltage rating of up to 1,500 volts or 1,000 volts for alternating and direct
currents respectively (European Commission, 2021; Forti et al., 2020).

Not all EEE becomes WEEE at their EoL after it has been discarded. Products that meet specific
conditions are excluded from WEEE categories and thus also exempted from the WEEE directive.
Examples of exemptions are equipment designed to be sent into space, large scale stationary in-
dustrial tools, large, fixed scale installations, equipment designed for research and development
and so on. In addition, WEEE also does not include batteries, accumulators, or electrical compo-
nents of vehicles (Forti et al., 2020).

Since EEE and WEEE are comprised of a wide variety of products, they have been categorised
into 54 different product-centric categories, which are sorted into 6 general categories: temper-
ature exchange equipment, screens and monitors, lamps, large equipment, small equipment and
small IT and telecommunications equipment. The definitions and examples for the EEE categories
that are covered by the WEEE directive are shown in Table 1.4.

Some WEEE components in OWTs are officially classified as WEEE and others are not, de-
pendent on if they meet the criteria of the WEEE Directive. If those components have not been
specifically tailored to the large industrial product, such as lighting, switches and sensors, they will
fall under the Directive. The larger components such as the generator, converter and transformer,
have been designed specifically for OWTs and therefore are not officially WEEE.

It is important to note, that while the European Commission strove to homogenise discrepant
definitions and classifications of WEEE, this is not necessarily upheld in practice. There are various
organisations and documents that scrutinise the directive for inconsistencies and the European
Commission is constantly making amendments the directive to cover any misinterpretations.
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1.2. Waste Electronic and Electric Equipment

Category

Definition

WEEE examples

OWT examples

1  Temperature
exchange
equipment

2  Screens and

EEE with internal circuits where sub-
stances other than water are used for
cooling, heating or dehumidifying

EEE intended to provide images and in-

Cooling and freezing
equipment such as re-
frigerators, freezers, air
conditioners and heat
pumps

Televisions,  monitors,

12 50hz coolers in the
generator, 3 dehumidi-
fiers, passive and active
cooling system (ventila-
tors) on site

Various control panels in

monitors formation on an electronic display re- laptops, notebooks, and the nacelle may contain
gardless of its dimensions tablets screens
3  Lamps Replaceable electronic devices that pro-  Fluorescent lamps, high  Lighting systems inside
duce light from electricity and may have  discharge lamps and the nacelle, lighting on
other functions LED lamps top of wind turbine
4  Large EEE that doesn't belong to categories 1, Washing machines,  Palfinger lifting robot,
equipment 2 or 3, with any external dimensions over  clothing dryers, dish- electric vehicle that
50cm washers, electric stoves drives into blade for
inspection,  generator,
transformer, converter
5 Small EEE that does not belong to categories 1, Vacuum cleaners, mi- Many sensors (tempera-
equipment 2, 3, 4 or 6, with no external dimensions  crowaves, calculators, ture, humidity, pressure,

6  SmallIT and

exceeding 50cm
Information equipment that can be used

video cameras
Mobile phones, routers,

smoke etc.)
3 cabinets that contain

telecom- to the collection, transmission, process-  printers, Global Posi- many wires and mother-
muni- ing, storage and showing of informa- tioning System (GPS) boards for data storage
cations tion. Telecommunication equipment is  devices and processing
equipment designed to transmit signals electroni-

cally over a certain distance

Table 1.4: Overview of the 6 main categories for e-waste according to (European WEEE registers network, 2018; Forti
et al,, 2020) along with examples from OWTs based on insights provided by CrossWind/SGRE

The WEEE directive states that electronics not tailored the specific application and products
containing batters should fall under WEEE. However, electric vehicles and batteries have their
own directives, such that their electric components do not fall under WEEE, which may cause
confusion in the scope of WEEE. Another example to elucidate confusion is that while all lighting
equipment falls under the directive, a filament bulbs are excluded.

Materials in WEEE

WEEE is a non-homogenous complex mixture of materials that can contain up to 100 different
substances, where the composition varies depending on the functionality and design (Shittu et al.,
2021). The material constituents of WEEE can be grouped into 5 main categories: ferrous metals,
non-ferrous metals, glass, plastics and other (Liu et al., 2019). Figure 1.7 shows the different ma-
terial compositions in WEEE, where it is clear that metals make up a large majority (approximately
60%), followed by plastics and other constituents (Ibanescu et al., 2018).

An overview of the different elements that can be found in WEEE based on the periodic table
is given in Figure 1.8. These include critical and non-critical materials such as platinum group
metals (PGMs), Rare Earth Elements (REEs) and precious metals Murugappan and Karthikeyan.
The presence and importance of these materials, which are critical for WEEE, make WEEE an
interesting source for material recovery.
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Figure 1.7: Different material compositions in WEEE (Murugappan and Karthikeyan, 2021)
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Figure 1.8: The periodic table with an overview of the elements found in WEEE, precious metals are indicated in green,
critical raw materials are shown in teal (Forti et al., 2020)

WEEE can contain a mixture of hazardous and non-hazardous materials that require special
handling and recycling processes to avoid negative environmental and health related impacts. Ex-
amples of hazardous materials include the presence of heavy metals such as lead (Pb), nickel (Ni),
cadmium (Cd), mercury (Hg), arsenic (As), selenium (Se), hexavalent chromium (Cr(VI)), and bromi-
nated flame retardants (BFRs), polybrominated diphenyl ethers (PBDEs) beyond the threshold
quantities (Murugappan and Karthikeyan, 2021). An overview of sources of hazardous materi-
als can be found in Table 1.5, where some elements by themselves, such as Zn and Pb, are not
hazardous but their applications are.

Many of the hazardous materials found in WEEE can also be found in OWT components, which
are indicated in Table 1.5. This is due to the presence of WEEE-like (sub)components in the OWTs,
as shown in Table 1.4, which demonstrates overlaps in WEEE components and similar OWT com-
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Substance Sources

Lead Pb CRTs, television sets, monitors, batteries, printed circuit boards*,
light bulbs*, lamps*

Cadmium Cd Ni-Cd batteries, contacts and switches*, semiconductor chips

Mercury Hg Lighting devices for flat screen displays, CRTs, PCBs, thermostats*

Chromium or hexavalent Metal housing (anti-corrosion coatings)*, data tapes, floppy disks

chromium compounds

Nickel Ni Ni-Cd batteries, electron gun in CRTs

POPs including BFRs Circuit boards (fire retardants for electronic equipment)*, plastic

casings for computers*, cables*, dielectric fluids in capacitors and
transformers*, lubricants and coolants in generators*, fluorescent
lighting*, electric motors*, connectors*

Lithium Li Li batteries

Barium Ba CRTs, fluorescent lamps*

Zinc Zn CRTs, metal coatings*, batteries

PVC Insulation on wires and cables*

Beryllium Be Power supply boxes*, computers, ceramic components of elec-
tronics

Arsenic As Gallium arsenide in LEDs*

Americum Am Smoke detectors™

Antimony Sb Flame retardants in plastics*

Chlorofluoro carbon Cooling units*, insulation foams*

Polychlorinated Condensers, transformers*

biphenyls

PBDEs, PBBs Flame retardants in plastics*

Table 1.5: Hazardous substances found in WEEE compiled from (llankoon et al., 2018; Kaya, 2016), where * indicates
sources of hazardous materials that may also be found in OWTs.

ponents. Although some of the WEEE components do not officially fall under the WEEE directive,
they are still exposed to the same hazardous materials. This is important to take into account dur-
ing their handling and processing.

WEEEs are also known to contain a high content of REEs, which are high in demand and have
been classified by the European Commission as Critical Raw Materials (CRMs) due to their supply
risk as can be seen in Figure 1.8 (Amato et al., 2019; Yang et al., 2017). Due to the common
usage of REEs in high technology (i.e. electronic equipment), WEEE is seen as a valuable source
for the recovery and recycling of REEs. However, only 1% of the REE content from EoL products
is recycled (Ambaye et al., 2020). Since Nd was also shown to be a major contributor to global
warming for OWTs, where they are predominantly found in permanent magnets, this study will
dive further into the use of REEs in WEEEs and the overlaps with OWTs.

REEs in WEEE

Rare Earth Elements (REESs) are a group of 17 chemical elements with similar properties, shown
in Table 1.6. They are valued for their special properties that make them increasingly important in
the technological advancement of the electronics industry, such as luminescence and magnetism
(Ni'am et al., 2019; Williams, 2016).

Although they are abundant in nature, they are rare because they occur together in nature and
posses similar trivalent oxidation states (Omodara et al., 2019).The main challenge with regard to
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Rare Earth Elements

Element Name Applications
Sc scandium Alloys in aerospace engineering, magnets, phosphors, fuel cells, batteries
Y yttrium Lasers, superconductors, microwave filters, lighting (low energy lightbulbs, carbon

arc), flatscreen TVs, colour television cathode ray tubes, additives in alloys
Lanthanides

La lanthanum Optics, batteries, catalysis, magnets, phosphors, additives in carbon arc lamps,
electric welders, projectors

Ce cerium Chemical applications, colouring, catalytic converters in cars, phosphors

Pr praseodymiu Magnets, lighting, optical amplifiers

Nd neodymium  Magnets, lighting, lasers, optics, fuel cells, batteries, solar panels, electric vehicles

Pm promethium  Paint, atomic batteries (limited use due to radioactivity and very rare in nature)

Sm samarium Magnets, lasers, masers, small motors, headphones, high-end magnetic pickings
for fuitars and musical instruments, aircraft engine alloys, sports goods

Eu europium Lasers, colour TV, lighting, medical application, phosphors, fluorescent glass and
lamps, optoelectronic devices

Gd gadolinium Magnets, glassware, lasers, X-ray generation, computer and medical applications,
television screens

Tb terbium Lasers, lighting

Dy dysprosium  Magnets, lasers, compact fluorescent bulbs, batteries, fuel cells, phosphors

Ho holmium Lasers, magnets, microwave equipment

Er erbium Lasers, steelmaking, fibre amplifiers in optical communications

Tm thulium X-ray generation, high temperature superconductors, lasers

Yb ytterbium Doping material in lasers and amplifiers, chemical industry applications

Lu lutetium Medical, chemical industry applications, phosphors

Table 1.6: Overview of REEs and their common uses, the non-lanthanide REEs, LREEs and HREEs are indicated in light
yellow and dark yellow shading respectively (Izatt, 2016; Jowitt et al., 2018; Omodara et al., 2019; Popov et al., 2021;
Ramprasad et al., 2022)

REEs is the extraction and processing due to their widespread geographic distribution and the as-
sociated environmental impacts (Williams, 2016). Due to the rising demand for REEs in electronics
applications, the recovery and recycling of these materials is becoming increasingly important.

The lanthanide REEs are divided into either lighter rare earth elements (LREEs) or heavier rare
earth elements (HREES), based on their electronic configuration (Swain and Mishra, 2019). HREEs
are elements with an atomic number range from 57 to 63, La and Eu respectively, whereas LREEs
are elements with an atomic number range from 64 to 71, Gd and Lu respectively, as well as Sc
and Y (Ramprasad et al., 2022). The configuration of the valence electrons of the outermost shell
of the lanthanide atoms is the same, while their 4f orbitals are filled progressively with increasing
atomic number. As a result of the screening of the 4f orbitals, the elements have extremely similar
physical and chemical properties (Jowitt et al., 2018).

The unique electronic structure gives REEs unique electronic, optic, magnetic and conductive
properties that are highly desirable for a broad range of technological applications (Ni'am et al.,
2019; Ramprasad et al., 2022). Approximately 26.3% of all REEs are used in the production of
electronic components such as magnets, batteries, glass and alloys which are needed to manufac-
ture modern computers, lasers and screens, where Table 1.6 gives a few examples (Amato et al.,
2019; Jowitt et al., 2018; Omodara et al., 2019).

According to Sprecher et al. (2014) and (Peelman et al., 2018), permanent magnets are the
single largest application of REEs, accounting for 21% of the production of REEs by volume and
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generating 37% of the total value of the REE market (Ni'am et al., 2019; Nlebedim and King, 2018).
Since permanent magnets play a major role in both WEEEs and OWTs, this study will dive further
into the use of permanent magnets in WEEE and OWTs and how the REEs can be recovered from
them through recycling.

1.3 | Recycling

Recycling is defined as the reprocessing of recovered materials at a product’s EoL, returning it into
the value chain. The aim of recycling is to conserve raw materials by maximising the value retention
of the materials contained in a product in either its component or material form (Chen et al., 1994;
Muthu et al., 2012; Nelen et al., 2014; Sabaghi et al., 2015; Tanskanen, 2013; WBCSD, 2019). The
recycled material may be referred to as a "secondary" material, as opposed to a “primary” material
that is extracted from the environment (Worrell and Reuter, 2014).

To clarify the scope of this study, is important to distinguish the difference between recycling
and recovery, which are often used interchangeably and inconsistently throughout literature. The
recycling process encompasses the entire cycle of the material from new to old and old to new
(Kumar, 2021; Nijkerk et al., 2001). Recovery is a process within recycling in which the materials
are retrieved from waste through sorting and separation. After the recovered materials have been
processed and refined, the recovered materials can be recycled to produce new products.

The distinction between the recycling and recovery process is shown in Figure 1.9. In the case
of an EoL plastic bottle as an example, the recycling process includes the collection of EoL bottles
to the production of a new bottle using the materials recovered from the EoL plastic bottle, the
recycled product made of secondary materials. The recovery process is limited to the processing
of the collected materials to recover a secondary material, which can be used to produce the
recycled product.

| 1
Total materials | Available materials i Recovery process E Recovered materials ! Recycled materials
I
\, \ : : KJ ; /
I
: . L Pre- End- H Material |
Collection ‘ . — . “ .
. g processing processing recycling -
' 1 0 1
Eol products 0 0 i New products

or waste | lococoooocoosoooosonoooocoesocooonoood p or materials

Figure 1.9: Overview of the material recycling and recovery process

The recovery process consists of two main phases, the pre-processing and end-processing
phase. The former refers to the initial disassembly and depollution of the product, in which all
the hazardous and valuable components are removed, followed by sorting, size reduction and
separation. The latter refers to the refining of the materials once they have been sufficiently
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separated, such that the recovered material can be used to produce a new product in the recycling
process, which is called material recycling (Sethurajan et al., 2019).

Efficient disassembly techniques are needed for material recovery and recycling technologies
to benefit from economies of scale and improve the recovery grade (Li et al., 2015; Rademaker
etal., 2013). This is because the quality of the recycled and recovered material is highly dependent
on the degree of separation of the material. Improved disassembly could enable better separation
and thus increase the value of the recovered or recycled material, while reducing refining time and
costs (Pan et al., 2022).

The scope of this study will focus on the recovery process, where the aim is to produce the
highest possible quality secondary material such that it can be used to produce a recycled product.
Depending on the state of the waste product at its EoL, there are four possible options for recycling
which have been summarised in Table 1.7. Primary recycling is the most preferred option from a
value retention perspective, followed by secondary, tertiary and quaternary as least favourable.
However, in practice decisions are often based on economic and technical feasibility.

Primary recycling Reprocessing to form the original material or a

comparable quality level

Secondary recycling Reprocessing to form a different product at a

lower quality level, often mechanically.

Thermal or chemical decomposition of materials,
often chemically

Tertiary recycling

Quaternary recycling Recovery of energy through incineration

Table 1.7: Summary of the four different types of recycling according to (Kumar, 2021; Nijkerk et al., 2001)

In the case of permanent magnet recycling, there are four options: direct reuse, magnet to
magnet, waste to alloy and waste to element, these are described in Table 1.8 and shown in Fig-
ure 1.10. By recovering the REEs from permanent magnets, the dependence on virgin production
(primary materials) can be reduced which will help over come supply issues related to the ex-
traction of REEs. The preferred recycling method used will depend on technical and economical
feasibility, while taking environmental impacts into account.

Due to the rapid development of the offshore wind sector, the continuous changes in technol-
ogy, size and capacity of the OWTs would suggest that direct reuse is improbable. This is because
each OWF has its own design specifications and would require a different properties. Moreover,
academia as well as the industry are looking to reduce the quantity of REEs used in permanent
magnets and develop new technologies that are not reliant on permanent magnets.

From an environmental and economic perspective, magnet to magnet and waste to alloy would
be the preferable and more realistic options for the recycling of permanent magnets from OWTs.
Studies have shown that the environmental impact of using recycling magnets is tremendously
lower than that of virgin magnets (Li et al., 2019b; Yang et al., 2017). There are variations within the
recycling processes, where the shortest and simplest route would be magnet to magnet recycling
followed by waste to alloy. In this case it is assumed that the shorter the route and the simpler
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Direct reuse The disassembly of a permanent magnet at the
EoL such that it can be utilised in its current state
for another application. May need to be wiped,
cleaned, re-coated or re-magnetised.

Magnet to magnet The bulk recycling of all the materials in a perma-
nent magnet to form a new magnet with similar
properties (often lower).

Waste to alloy The extraction of an alloy containing REEs but
may not be in the desired quantities for a mag-
net, could be used in other applications.

Waste to element REEs are separated back to pure metals using en-
ergy and chemically intensive processing meth-
ods such as pyro- or hydrometallurgy.

Table 1.8: Overview of the different recycling options for magnets (Jin et al., 2018; Yang et al., 2017)

Manufacturing REEs: Rare earth elements
swarf WEEE: Waste Electrical
&Electronic Equipments
REOs:Rare Earth Oxides
REMs: Rare Earth Metals

WEEE containing REE | s Recyclates REEs in leachate
magnets containing REEs
End-of-Life magnets —
((H)EVs/Wind Turbines Individual REOs
etc.)
Magnets in products REE Master alloys | | Individual REMs |

O Magnetre-use [ Magnet direct recycling Magnet indirect recycling

Figure 1.10: Flow chart of different recycling options for permanent magnets in WEEE

the process the less energy and chemical intense the process, along with lower processing costs.

OWTs and WEEEs have both been found to contain NdFeB permanent magnets, which are
both valuable sources for the recovery of REEs. At the same time, OWTs have been found to
contain many electrical components that may not officially fall under the WEEE direct but share
many similarities with WEEE. While there is little known about the recycling of OWTs and their
electrical components due to their recent introduction, the recycling of WEEE has been studied
more extensively and is a more mature industry.

To date, the majority of literature has been focused on the metallurgical recycling (end-processing)
of REEs from permanent magnets in WEEE within the recovery process. The pre-processing phase
notwithstanding, has received less attention even though disassembly, which affects the degree
of liberation, has been identified as a crucial step in the recycling process.

From a materials perspective, the metallurgical refining of REEs from permanent magnets in
WEEEs and OWTs in the end-processing phase is the same. Therefore, the recycling challenges for
recovering permanent magnets from OWTs lie predominantly in the pre-processing phase, namely
the disassembly of the permanent magnets. Hence, this study will focus on the disassembly of
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permanent magnets from OWTs to enable the effective recovery of REEs.

1.4 | Objectives

To meet the rising demand for offshore wind and address the consequent resource consumption
and scarcity, it is important to take the recycling of OWTs into consideration such that valuable
materials can be recovered. The NdFeB magnets found in the permanent magnet generator were
identified as the most important to recycle due to the impact associated with their extraction.
However, due to the recent introduction and relatively long life cycle of OWTs, there is little ex-
perience or knowledge on how to recycle permanent magnets from OWTs.

WEEEs have been identified as another important source of NdFeB permanent magnets, which
have an established recycling industry and have been studied more extensively. OWTs contain
many electrical components that, although they may not fall officially under the WEEE directive,
may share many similarities with WEEE. The similarities and differences between permanent mag-
nets found in WEEE and OWTs may provide new insights on how to recovery and recycle the REEs
from OWTs.

To contribute to the improved recycling of permanent magnets from OWTs, disassembly was
identified as a critical step that enables the recovery of materials and influences the quality of
the recycled material. Irrespective of its importance, the disassembly of permanent magnets from
OWTs has gained little attention in literature and therefore provides an interesting opportunity
for research leading to the following research objective.

Research objective

How can permanent magnets be disassembled from OWT generators to facilitate an efficient
recycling process for the effective recovery of REEs based on the established WEEE recycling
system?

Due to the broad variety of OWTs available, where permanent magnet generator designs devi-
ate per turbine, this study focused on a single offshore wind turbine, the SG 11.00-200DD direct
drive OWT containing a permanent magnet generator. This will henceforth be referred to as the
CW OWT. Data on the turbine was provided by the case company where possible. The case study
is described in more detail in Section 1.4.2.

1.4.1 | Sub-objectives

To determine how to recover REEs from OWTs, the recovery process of NdFeB magnets from
WEEE will be studied and analysed to discern how this might be translated for OWTs. This is
therefore referred to as a "WEEE" approach to recovering REEs from OWTs. This objective con-
sists of two sub-objectives. The first aimed to determine what the potential recycling routes are
based on the established WEEE recycling system, and how this may be useful for the recycling of
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permanent magnets from OWTs. The second followed up on the first sub-objective and identified
options for disassembly based on the recycling routes.

Sub-objective 1
What is the preferred recycling route of OWT permanent magnets for effective recovery of REEs
based on the established recycling route for permanent magnets from WEEE?

To meet the first sub-objective, different potential recycling routes for the recovery of REEs
from permanent magnets were identified by studying existing WEEE recycling practices and adapt-
ing them to be applicable for OWT permanent magnets. These routes were then compared to
determine which form of recycling, direct reuse, magnet to magnet, waste to alloy or waste to
element, was preferable from an environmental and economic perspective.

This sub-objective provided an overview of the key similarities and differences between recy-
cling process for permanent magnets from OWTs and WEEE. These were then used to determine
which processes were transferable for OWTs and what aspects require additional considerations.
To achieve this objective, information on the permanent magnets in OWTs was needed for com-
parison on permanent magnets from WEEE.

Sub-objective 2
How can the permanent magnet in the OWT be disassembled to enable the best recycling route?

The second sub-objective will use the outputs from the first sub-objective to determine in what
state the permanent magnets should be disassembled and how this can be achieved. The factors
identified from the recycling process that affect the disassembly of permanent magnets can be
used as constraints for disassembly. This will be done by conducting an empirical observation and
developing a theoretical concept as to how permanent magnets can be disassembled.

1.4.2 | Case study

This research is conducted in collaboration with CrossWind in the form of a graduate internship,
with the intention to get a better understanding of how the OWTs may be recycled at their EoL.
Additionally, this thesis is also supported by Siemens Gamesa Renewable Energies (SGRE), who
are responsible for providing the WTG for the wind farm and are also interested in the topic of re-
cycling OWTs. Both parties provide support in the form of knowledge and access to data relevant
to the study.

CrossWind is a joint venture between Shell (80%) and Eneco (20%), based in Rotterdam, that
will develop and operate a subsidy free offshore wind project in the Hollandse Kust Noord (HKN),
located 18.5 km from the Dutch West coast near Egmond aan Zee as shown in Figure 1.11. Their
aim is to have an operational wind farm of 759 MW by 2023, generating at least 3.3 TWh per year
covering a surface area of 125 km? per year.
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The wind park

; Total Capacity 759MW
3.3 TWh per year

® Effective area 92km2
:in5 sections

Egmond aan Zee

Ama'lia

Figure 1.11: Overview of the CrossWind wind farm location and size (CrossWind, 2022)

For this wind farm they will install 69 wind turbines that each have a nominal power capacity
of 11IMW as shown in Figure 1.12. These OWTs with a monopile foundation will be placed at
water depths between 15-28 m and have a hub height of 125.5 m. The rotor blades are 97 m long
giving a diameter of 200 m, a swept area of 31,400 m? and can take wind speeds up to 9.57 m/s.

Although the wind farm is still in development, CrossWind is ambitious in their mission to inno-
vate, by learning how decisions that are being made during development may affect recyclability in
the future. Their incentive is to understand the EoL value of their wind farm when it reaches their
EoL and what economic and environmental concerns may arise at the decommissioning stage.
Additionally, they want to take these learnings back to their stakeholders for the development of
future wind farm.

Due to the increasing importance the rising challenges around resource scarcity, SGRE has
a demonstrated interest in studying the recycling of the materials. As the producer of WTGs,
they have a business interest in recovering valuable materials, since the prices may fluctuate and
rapidly increase as resources are exhausted. Opportunities for recycling may provide an interesting
business case for EoL wind turbines.

The advantage of looking into this topic at an early stage is that information regarding the
production and assembly process is currently easy to access. Experience in decommissioning oil
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The turbines
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Figure 1.12: Overview of the CrossWind wind turbines’ basic characteristics (CrossWind, 2022)

and gas has demonstrated that data quality throughout the life cycle of an offshore project is
likely to decrease. Information may become incomplete and difficult to find because the park
along with its data may be passed on from owner to owner, not be updated regularly and spread
across various stakeholders.

Although information may still be available after the wind farm becomes operational, it may be
more difficult to obtain supplementary information about the decision making process, as well as
the design and development stage. At the moment, people involved in the project can be directly
contacted. Once the project becomes operational, the number of employees will be reduced and
people will move on to other projects. Therefore, after 20-40 years it may be harder to locate the
relevant persons and they may have forgotten relevant details or moved onto a different industry.

On the other hand, the largest disadvantage is that little information can be collected about
the EoL state of the components and materials of an OWT. Therefore, the recyclability in the
development phase can only be determined based on data regarding a newly installed offshore
wind turbine. As a result, it may be difficult to account for unforeseen circumstances that affect
the EoL state of OWTs.
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To achieve the research objective, four main steps were taken which can be seen in Figure 2.1.
The main process steps are indicated on the left in solid rounded boxes, with the sub-steps that
informed the main step in grey boxes to their right. The data collected and produced is indicated
in a white box with dotted lines and the methods are shown in the boxes with dashed lines, with
the colours corresponding to the step.

The first two steps address finding the preferred recycling route to meet the first sub-objective,
whereas the third and fourth steps address the disassembly required to enable the best recycling
route. The results were produced in Figma and processed in Python. Each step and the methods
are described in more detail in this Section.

The primary methods of collecting, processing and data was through interviews, desk research
and a site visit, where an overview of people interviewed is provided in Table 2.1. The interviews
we conducted in a semi-structured manner, where questions were prepared in advance, but the
interviewees were allowed to deviate from the topic.

Name Company Function Expertise

llse van Andel  Eneco Sustainability develop-  Circularity and due diligence in renewable en-
ment officer ergy

Maarten Lo- ECHT Quality Process Man-  Technical specialist, inspect of wind turbines,

bregt

Anne Velen-
turf

Rody Kemp

Lorna Bennet

Martijn  Zon-
dervan

Brian Wit-
tekoek
Virginie De-
cottignies

Marco Kester

Matthew
Chapman
Jianning Dong

Elmedin
Bratic
Paul Breet

Henk Polinder

University of Leeds
Eneco

Offshore Renewable
Energy Catapult
Eneco

Coolrec

SUEZ

Coolrec
Renewable parts

TU Delft

SGRE
General Electric

TU Delft

ager Wind Energy
Senior research fellow in
Circular Economy

Asset management and
operations expert off-
shore wind

Project engineer

Electrical engineer
Outlet manager

Head of Advanced Recy-
cling Department

Interim business con-
troller

Marketing Manager
Assistant Professor
Team lead generator re-
pair shop

Retired

Professor

circular decommissioning
Sustainable offshore wind development

Improve offshore wind farms

Sustainable decommissioning, offshore wind
materials handling, mapping and reuse
Technician and engineer for offshore wind

Recycling e-waste into secondary materials

Plastics and precious metals recovery from
WEEE, waste and materials characterisation,
recycling processes

Recycling large e-waste and hazardous mate-
rials (cooling and freezing equipment)
Refurbishment in wind industry

Electrical engineering, permanent magnet
machines, electric generators for wind tur-
bines

Disassembly and maintenance of OWTs

Electrical engineer, permanent magnet gen-
erators

Electrical engineering, permanent magnets,
wind turbine generators

Table 2.1: Overview of the 14 people consulted/interviewed for data collection.

The structure of this thesis follows the methodology by splitting up the results in two chapters.
Chapter 3 includes the results comparison of the permanent magnet properties and recycling pro-
cess in Sections 3.1 and 3.2 respectively. This is followed by Chapter 4, which includes the results
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of the assembly process and the disassembly concept in Sections 4.1 and 4.2 respectively.

2.1 | Sub-objective 1: Preferred recycling route

Sub-objective 1
What is the preferred recycling route of OWT permanent magnets for effective recovery of REEs

based on the established recycling route for permanent magnets from WEEE?

To determine the preferred recycling route, the first step was to compare the characteristics of
WEEE and OWT permanent magnets. This was used as input to evaluate how the differences and
similarities in characteristics affect the recycling process for OWT permanent magnets, based on
a traditional WEEE permanent magnet recycling route. In the second stop, the different options
for recycling permanent magnets from WEEE and OWTs were compared based on their charac-
teristics to determine the preferred recycling route.

2.1.1 | Permanent magnet properties

Data on the characteristics of WEEE and OWT permanent magnets was collected through inter-
views and desk research and complemented with a physical visit to the Materials Science Engi-
neering lab at the TU Delft. Desk research provided quantitative data on the magnet properties
based on academic papers, reports and magnet producer websites. The interviews were used to
corroborate the quantitative data for relevance and supplement the desk research with additional
information. The visit to the lab aimed to view and get experience in handling permanent magnets
in real life.

Quantitative data on the material properties of permanent magnets was collected primarily
from academic papers and complemented by reports and magnet producer websites where data
was lacking. Data on WEEE permanent magnets was more readily available in literature and this
was used as the starting point for data collection. Where possible, the corresponding data for
OWT permanent magnets was collected, often supported by reports and the producer websites.

First key material properties such as composition, dimensions and density, as well as magnetic
properties such as remanence, Curie temperature and coercivity were identified and quantified
based on information availability. An iterative process was used to determine the relevance of the
different properties and search for additional relevant properties. The characteristics for compar-
ison were then limited to a few most relevant properties for which sufficient data was available.

The interviews were conducted with people that were either working with permanent magnets
from OWTs or WEEE, or researching circularity or recycling of permanent magnets. The people
interviewed at this stage included llse van Andel, Maarten Lobregt, Anne Velenturf, Rody Kemp,
Lorna Bennet and Martijn Zondervan. They provided information on their experience working
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with magnets and the developments in the industry with regard to magnet design and their recy-
cling. This is necessary as literature and reports may sometimes deviate from what is happening
in practice.

A visit to the Materials Science Lab at the TU Delft on the 22nd of June to view and touch
the permanent magnets to get a feel for how they feel and behave in real life. This was not used
as official data for the study but rather for the researcher to gain experience in how they are
handled in real life. The permanent magnets viewed included a sample from hard disk drives that
had been disassembled from hard disk drives, where the scraps and hard disk drives themselves
were also seen. Additionally, there were permanent magnets from a small wind turbine generator
(approximately 7 cm x 5 cm) and a rotor from an electric scooter containing permanent magnets
was also viewed.

The combination of desk research, interviews and the lab visit allowed the researcher to collect
guantitative data while corroborating this with what is happening in practice and how they look
in real life. This helped determine which properties were relevant and what information may be
missing in studies or reports.

2.1.2 | Recycling routes

The preferred recycling route was identified by first looking at the existing recycling routes for
WEEE permanent magnets. This was collected via desk research consisting of predominantly stud-
ies on recycling permanent magnets from hard disk drives and interviews with Brian Wittekoek,
Virginie Decottignies, Marco Kester and Matthew Chapman. The interviews aimed to support the
desk research by providing additional insights as to what is happening in practice and how it might
be different from literature.

Based on the desk research and interviews, an overall overview of the recycling options for
WEEE permanent magnets was made. From those options the factors that affect the recycling
route for WEEE permanent magnets were determined for the different options and related back
to the characteristics found in Section 2.1.1. The recycling route for WEEE permanent magnets
was translated to OWT permanent magnets using the comparison of characteristics from Section
2.1.1 to provide input on how the options are affected by differences and similarities.

The translation of the WEEE permanent magnet recycling process to OWT permanent magnets
first required the identification of the main characteristics that affect the recycling options. Once
these were found, additional quantitative information was searched for to compare the recycling
options and determine the feasibility and desirability. If quantitative information was not available
for the comparison, qualitative information on the characteristics and recycling process provided
in the interviews, lab visit and from desk research was used to form a critical technical analysis.

The aim of this section is to compare the different options for the recycling route of permanent
magnets from OWTs based on how permanent magnets from WEEE are recycled. The quantitative
and qualitative information were used to compare the options for recycling. The critical technical
analysis of the possibilities was used to determine which options might the most technically and
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economically feasible and preferable. The outcomes of the critical and technical analysis formed
the preferred recycling route.

2.2 | Sub-objective 2: Disassembly

Sub-objective 2
How can the permanent magnet in the OWT be disassembled to enable the best recycling route?

To determine how the permanent magnets should be disassembled, the first step was a site
visit to Cuxhaven to establish how the magnets are assmebled and disassembled in practice. Sub-
sequently, desk research, interviews and brainstorms produces a disassembly concept that was
visualised in Figma. The concept was analysed by considering the practical and theoretical as-
pects, where a simplified model was made in Python to make calculations for the latter.

2.2.1 | Assembly

To determine how to disassembly a permanent magnet from a generator it was important to first
understand how it is assembled and what the structure looks like. On May 5th 2022, the SGRE
nacelle factory in Cuxhaven was visited, henceforth referred to as the site visit. At the site 11
MW OWTs for another OWF were being manufactured but that had predominantly comparable
specifications to the CW OWT, with the exception of small customisable details.

Prior to the site visit, a list of desired information on the assembly and disassembly of the
generator was made to pose as a basis for things to look out for and ask about during the visit.
Based on the preferred recycling route from Section 2.1.2 and desk research, options for disassem-
bly were brainstormed based on provisional information from literature and provided by the case
companies. The brainstorm was used to generate ideas for disassembly and prepare questions
about potential options during the site visit.

It was not possible to take photos at the site during the visit due to confidentiality of infor-
mation. Throughout the site visit notes were taken of information that was shared verbally and
observed on site to document as many details as accurately as possible. Names of different types
of equipment, approximations of sizes of components and descriptions of processes were typed
as quickly as possible during the visit.

The first part of the site visit involved climbing into a fully assembled nacelle and visiting all
three floors on the inside as well as the deck on top of the nacelle outside. Details such as the
presence of specific electric equipment, dimensions of the equipment and details about the in-
stallation, operation and maintenance that were shared by the case company were written down.

After visiting the assembled nacelle, the assembly hall was visited, where all the components
of the nacelle are put together from scratch. Prior to the walk through the assembly hall a talk
was given about the overall process and the layout of the hall. In the assembly hall, the generator
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assembly area was the most relevant and exclusive permission was granted to observe the place-
ment of the magnets into the rotor assembly. It was also possible to ask people that worked with
the permanent magnets and the rotor assembly questions regarding their assembly and disassem-
bly processes.

Directly after the site visit, the notes were conferred to add any missing details or correct
information that was not written down clearly or correctly. As the notes were made while walk-
ing around and in discussions with people, there may be some discrepancies in the information
provided and the notes taken. Moreover, time was taken to draw some key features about the
magnets and the assembly that were observed and add the corresponding details.

To gain additional insights into the disassembly process an attempt was made to schedule a
visit to the service and maintenance center in Denmark, however this was not possible due to
scheduling issues and time constraints. An interview was scheduled with Elmedin Bractic, the
team lead of the generator repair shop at the service an maintenance centre in Denmark was
scheduled instead. This provided input as to how OWT generators are disassembled in practice.

The assembly and disassembly practices of the case company were used to inform what is
needed for disassembly based on what is happening in practice. There is ample literature on the
disassembly of WEEE and the permanent magnets, however information on the disassembly of
permanent magnets from OWTs was highly limited. Therefore the site visit and interviews were
invaluable to determine disassembly requirements for the CW OWT.

Since the generator and permanent magnets are in a highly magnetic field, it was also necessary
to consult literature and experts in the field of electromagnetism and permanent magnets. Firstly,
basic textbooks on magnetism, permanent magnets and electromagnetism were consulted to get
a better understanding of the workings of the magnetic fields in the generator. Due to the highly
specialised nature of OWT generators, additional interviews were conducted with Jianning Dong,
Paul Breet and Henk Polinder to further inform what the technical considerations for disassembly
should include from an electrical engineering and magnetism perspective.

2.2.2 | Disassembly concept

The disassembly concept was developed using the outcomes of the preferred recycling route in
Section 2.1.2 and assembly and disassembly practices in Section 2.2.1. These were in part in-
formed by desk research but also arose from a combination of ideas discussed during the inter-
views on the assembly and disassembly practices in Section 2.2.1. Hardly any research on the
disassembly or demagnetisation of large permanent magnets from OWTs or any comparable ap-
plication or scale was found.

2.2.2.1 | Concept development

During a discussion with the case company the idea of induction heating for demagnetisation
arose and a supporting paper that used induction heating to demagnetise large permanent mag-
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nets was provided. The decision was made to use induction heating as a starting point and desk
research on heat transfer principles and induction heating was conducted. Textbooks on the prin-
ciples of induction heating and heat transfer were consulted to gain an understanding of what the
possibilities for induction heating were.

Different ideas for induction heating were shared with the case company as well as a few of the
interviewees (Jianning Dong, Paul Breet, EImedin, Henk Polinder) to get their input on the options.
From the discussions a few concepts arose and the decision was made to further develop the
concept that seemed the most feasible to see how it would work and what the technical aspects
would be, this was based on a limited knowledge of magnetism and heating. Since there were
hardly any examples in literature or from practice where something comparable has been done
had to be fully developed from scratch using a combination of knowledge from materials science,
magnetism and heat transfer.

The concept was illustrated using Figma in both 2D and 3D versions from a variety of angles.
This was used to visualise the concept and how it would work in practice. The properties and char-
acteristics for the concept were derived from data collected when comparing the characteristics
of permanent magnets and the site visit from Section 2.1.1 and 2.2.1. Variations of the concept
were also developed in Figma to see how they would work and compare whether one would be
better than the other.

After developing the concept in Figma, the first step involved a critical analysis of the appli-
cation of the concept in the generator and the practical implications for the disassembly of the
permanent magnets. This was done by qualitatively looking and how the magnets would be de-
magnetised and disassembly and what principles of magnetism of heat transfer might affect the
concept and how they can be overcome. The assessment was informed by desk research and
using input from the case companies and interviews.

2.2.2.2 | Concept modelling

Next, a high level theoretical model was built to conduct a technical analysis of the application of
the concept and get an indication of whether the concept is at all feasible. The theoretical model
used as much quantitative data as possible to provide orders of magnitude and approximations
of the behaviour of the material. The same data on the characteristics of the permanent magnets
and the assembly from Section 2.1.1 and Section 2.2.1 were used as inputs for the theoretical
model.

The theoretical model focused on the heat transfer between materials to assess whether the
Curie temperature can be reached in the permanent magnet. This was done by modelling the
system as steady-state heat flow through composite materials. The equations required were ob-
tained from the research done previously on heat transfer and the exact calculations are described
in detail in Section 5.2.1. To limit the scope of the study, calculations on the magnetic field and
demagnetisation of the magnet were excluded.
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2.2.2.3 | Python

The calculations for the theoretical model were programmed in Python, as it is an efficient program
to define different variables and plot various outcomes. This was done by first creating a database
of relevant properties for different materials, which were selected to be NdFeB, 316 Steel, Al and
Cu based on data availability and relevance. The database included geometrical information on the
magnets’ assembly and can be found in Appendix A.1. These properties and their substantiation
can be found in Section 4.2.3.1.

Once the database was created, a function was written to calculate the energy requirements,
heat flows and temperatures at different points in the material. In these functions, the time taken
to heat the permanent magnet and time taken to heat the conductor were set as the primary input
variables throughout the calculations. The power required in the coil to heat up to conductor was
the primary output variable of the calculations. A more detailed description of the calculations for
the power in the coil can be found in Section 4.2.3.2.

To approximate the effects of other variables, new functions were created in which the time
taken to heat the permanent magnet and the conductor were fixed based on the outcomes of the
aforementioned calculations. With a fixed heating time, variables such as the material properties
of the conductor, the Curie Temperature of the NdFeB magnet and the contact surface area of the
conductor could be adjusted. A separate function was written for each of these variables, where
an example of the function for changing the height of the conductor can be found in Appendix
A.2. The calculations for the variables are described in more detail in Section 4.2.3.3.
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3.1 | Permanent magnets

Permanent magnets that contain 27-31 % (w/w) of the REEs are referred to as rare earth (perma-
nent) magnets (Lixandru et al., 2017; Nababan et al., 2021). They can be divided into three types,
samarium cobalt (SmCo), samarium iron nitrogen (SmFeN) and neodymium iron boron (NdFeB). Nd-
FeB permanent magnets (Nd,Fe;2B) have an energy product BH max) between 200-440 kJm—3,
whereas SmCo permanent magnets (SmCos or Sm,Co47) and ordinary ferrite magnets have a
range of 120-260 kJm~—2 and 36 kJm—2 respectively (Binnemans et al., 2013).

Since the SmCo permanent magnets have a lower energy product, they have been traditionally
been more expensive and also have a market share less than 2% (Binnemans et al., 2013). The high
energy product of NdFeB permanent magnets has also caused them to be used more extensively in
technology products, including offshore wind applications (Ni'am et al., 2019). Therefore, NdFeB
permanent magnets will be the focus of this study.

3.1.1 | Materials

NdFeB magnets can be manufactured into either resin bonded alloys that contain 10% epoxy resin
or a polymer, or into fully dense sintered magnets with the magnetic matrix Nd,Fe12B (Binnemans
et al., 2013). The manufacturing of complex shaped magnets and processing of magnets is facil-
itated by embedding an NdFeB powder with a polymer matrix. When the magnetic powder is
diluted by a non-magnetic material the overall magnetic strength per volume unit is lower than
that of a sintered magnet.

Bonded magnets are a popular option because they lower the costs without an extensive loss
in material or magnetic properties (Onal et al., 2020). However, OWTs utilise sintered NdFeB
magnets due to their higher performance and low weight and volume (Paredes-Sanchez et al.,
2015).
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NdFeB magnets consist primarily of Nd, Fe and B while quantities of Dy, Pr, Th, and Ho are
added as alloying agents. The Dy enhances coercivity and improves high temperature perfor-
mance, increasing the temperature stability against demagnetisation. The Pr and Tb replace the
Nd at a lower cost and reduce the quantity of Nd required (Nlebedim and King, 2018; Rademaker
et al.,, 2013). Currently, magnet producers are aiming to reduce REE content, while maximising
energy densities at various temperatures (Tunsu, 2018).

Transition metals such as Co, Ga and Cu are added to improve the processing and magnetic
properties of the permanent magnets. Additional elements such as Ni, Zr, Mo and Nb are added
for other desired properties (Binnemans et al., 2013; Lixandru et al., 2017). For example, Co is
used during alloying and Ni is used as a protective surface coating to address corrosion issues
(Tunsu, 2018).

The exact composition of these magnets will vary by application, but can also vary within
one type of application (Lixandru et al., 2017; Miinchen and Veit, 2017; Sprecher et al., 2014).
Some computer hard disk drives do not contain Dy, while other hard disk drive applications may
include admixtures of Dy up to 1 at% (Binnemans et al., 2013). Table 3.1 demonstrates the varying
compositions of NdFeB magnets depending on their application.

Composition (wt%)

Feed Fe Nd Pr Dy Tb Gd B Ni Co Other
Magnets 69 25 4 1 1

58.16 25.95 034 4.21 1 0.02 422 1.82°
Magnet swarf 562 324 1.5 1.04 8.86"
Virgin magnets 66.88 18 4.6 6.15 1.02 2.84 0.51°
Recycled magnets for high tem- 64.57 21.63 6.43 3.96 0.93 1.74 0.74°
perature applications
Ni-coated sintered magnets 68 28 1 1 1 1
Ni-coated magnets 65 2240 6.79 111 0.69 0.86 0.2 1.05 1.31¢
High grade magnets for the au- 57.20 23 6.52 6.26 225 0.73 051 2.89¢
tomotive industry
Hydrogen decrepitated magnets 61.09 25.38 2.62 1.08 1 203 142 1.34°
Commercial NdFeB magnets 67 26 5 0.5 1.6
Notebook spindle motor for 29
HDD
Notebook voice coil accelerator 29f 2.3
for HDD
Notebook loudspeaker 31f

Table 3.1: Reported compositions of NdFeB permanent magnets and magnet swarf (Tunsu, 2018)

9Al, C, Cu, Mn, N, Nb, O, Si
bAl C,Ca, N, O, Si

CAl, Cu, Ga, Ti

dAl, Cu, Eu, Ga, Nb, Si

€Al, Cu, Mn, Si

fNd and Pr together

When looking at the material composition, the "other" category in Table 3.1 also gives a good
indication of the variations in compositions. The other category is made up of different mixtures
of Al, C, Cu, Mn, N, Nb, O, Si, Ca, Ga, Ti and Eu, when looking at the footnotes a to e. The addition

30



Chapter 3. Preferred recycling route 3.1. Permanent magnets

of these materials contribute to a complex material mixture, especially if magnets from a range of
applications are treated together.

The different magnet feeds have different wt% of different elements, where the compositions
of Fe, Nd and Pr can range from 56.2 - 67 wt%, 18 - 31 wt% and 0.34 - 6.79 wt% respectively. It
means that each magnet has slightly different properties, which need to be taken into considera-
tion in their processing, such as different curie temperatures. The properties of NdFeB magnets
are discussed in the Section 3.1.3.

Different compositions for the permanent magnets used in different types of offshore wind
turbine generators are shown in Table 3.2. This table only accounts for generators that utilise
permanent magnets, and excludes gearbox driven generators that currently dominate the market.
Based on their study, Li et al. (2022) assume that different types of PM-based generators will take
a higher share in the next years.

[t/GW]

Generator Nd Pr Dy Tbh Y Total Share [%]

EESG* 16 9 4 1 0 30 3.75
(53.3%) (30.0%) (13.3%) (3.3%)

PMSG-GB" 39 4 4 4 0 51 6.35
(76.5%) (7.8%) (7.8%) (7.8%)

PMSG-DD¢ 168 35 15 7 0 225 28.03
(74.7%) (15.6%) (6.7%) (3.1%)

PDD? 348.9 72.7 31.2 14.5 0 467.3 58.22
(74.7%) (15.6%) (6.7%) (3.1%)

SDD¢ 16 2 10 1 0.3 29.3 3.65

(54.6%)  (6.8%) (34.1%)  (3.4%) (i.O%)

Table 3.2: REEs used in different types of generator based on Li et al. (2022)

9Electrically Excited Synchronous Generator

bPermanent Magnet Synchronous Generator gearbox based
¢Permanent Magnet Synchronous Generator Direct-drive
dPseudo Direct-drive

€Superconducting Direct-Drive

When looking at the ratios of REE used for different generator types, Table 3.2 does not take
into account the variations in material composition of the permanent magnet per generator size,
but rather is an overview of the total demand for REEs given in tonnes per GW [t/GW]. Therefore,
it does not necessarily give an approximation of the composition of the magnets themselves. Nev-
ertheless, the data can be used as a reference points to compare approximations for the material
composition.

In this case, the focus is on the PMSG-DD, however the permanent magnets for other types
of wind turbine generators are also interesting to take into consideration. Since the materials
overview did not provide explicit information on the magnet, but rather the overall generator, the
ratios of the REEs excluding Fe and B can be compared.

For the Ni-coated magnets from Table 3.1, the quantity of Nd, Pr, Dy and Ty used is 72.23
wit%, 21.91 wt%, 3.58 wt% and 2.23 wt% respectively. From Table 3.2, the composition of Nd, Pr,
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Dy and Tb for PMSG-DD permanent magnets can be approximated to 74.7 %, 15.6 %, 6.7 % and
3.1 %. This shows that the ratios of REEs used in permanent magnets for WEEE and OWTs are in
a similar range, although this only refers to two sources.

The greatest similarities can be seen between PMSG-DD and PDD OWTs, which have approx-
imately the same ratios of REEs at different volumes, containing 74.7%, 15.6%, 6.7% and 3.1%
of Nd, Pr, Dy and Tb each. The PMSG-DD accounts for 28.03% of the share of REEs used in
generators and the PDD for 58.22%, making it the most REE intensive generator. Although it is
not possible to validate the exact ratios, it could be assumed that permanent manget generators
in OWTs use similar ratios.

3.1.2 | Applications

Permanent magnets, are materials that generate a magnetic field, without needing electric power,
for conversion between electric and mechanical energy (Campell, 1994). Their unique properties,
have caused them to be used in a broad range of high performance technologies such as air condi-
tioners, refrigerators, generators, hard disk drives, electric vehicles and wind turbines (Diehl et al.,
2018; Nakamura, 2018; Ramprasad et al., 2022).

The broad applicability of permanent magnets, where both WEEE and OWTs utilise permanent
magnets at different scales, has led to an increasing demand for REEs such as Nd, Pr and Dy.
The former mass produces products that utilises them at a smaller scale such as hard disk drives,
whereas the latter utilises them at tremendous volumes for the permanent magnet generator of
a single OWT. Both are seen as a valuable source for materials recovery, which has not yet been
done at a commercial scale, but has become increasingly important (Amato et al., 2019; Ni'am
et al., 2019; Nlebedim and King, 2018; Rademaker et al., 2013).

Application Components Magnet mass/unit Estimated life- Market share
time
Wind turbines Generator 250-650 kg/MW >20 years 15%
Electric transportation  Electric motor, electric 1-15 kg in motors, 50- 15 years 15%
(EVs, HEVs, electric power steering, genera-  110g for power steering,
bikes) tor, stop/start technol- 0.5 kg for generators,
ogy 50-100g for start/stop

technology, 300-350g in
electric bikes

Computers Hard disk drives, speak- 1-30g 10 years 35%

ers, CD unit
Household appliances  Compressors, vibration Varies, e.g. 0.5 g in Varies, a few 5% for house-
and other consumer units, speakers in mobile  smartphones and less in  years hold appliances,
electronics (air condi- phones smaller mobiles 25% for audio
tioners, headphones, systems
speakers, smartphones)
Magnetic resonance 10 years 5%
imaging (MRI)

Table 3.3: Applications of NdFeB magnets according to (Tunsu, 2018)

Between 2005 and 2013 nearly 97% of the REE permanent magnets sold were based on
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NdFeB and in 2016 NdFeB permanent magnets accounted or 31% of the metal consumption
(Minchen et al., 2021; Ramprasad et al., 2022). As such, NdFeB magnets are also predominantly
used in both WEEE and OWTs, making them the most relevant type of magnet to study for the
recovery of materials. Applications for NdFeB permanent magnets are found in Table 3.3, which
is also in line with the data provided by Yang et al. (2017).

Stock [kt]

Applications Nd Pr Dy Tb Total Share [%]
Computers 21.2 5.3 5.3 1.1 32.8 33.8
Audio systems 15.1 3.8 3.8 0.8 23.4 24.1
Wind turbines 10.1 2.5 2.5 0.5 15.7 16.2
Automobiles 9.8 2.5 2.5 0.5 15.2 15.7
Household appliances 3.3 0.8 0.8 0.2 5.1 5.3

MRI 3.0 0.8 0.8 0.2 4.7 4.8

Total 62.6 15.7 15.7 3.1 97.0 100

Table 3.4: Estimated global in-use stocks for the rare-earth elements in NdFeB permanent magnets in 2007 (Du and
Graedel, 2011)

Key differences between permanent magnet applications in WEEE and OWTs can be seen
in Table 3.3. The primary differences being magnet mass per unit and the estimated life time.
Wind turbines contain a large quantity of magnets per unit (around 6,000 kg for an 11MW OWT),
whereas the other applications contain significantly smaller quantities per unit ranging from less
than 0.5 in mobiles, 30g in computers up to 15kg in motors. While computer and audio systems
accounted for the majority of the stock of NdFeB permament magnets in 2007, the stock of NdFeB
magnets is expected to increase rapidly with the introduction of permanent magnet generators
for OWTs.

There is a significant difference in life span and quantity of permanent product, such that
WEEE permanent magnets provide a more constant flow of waste permanent magnets compared
to OWT permanent magnets. Once the CrossWindHKN OWF reaches its end of life, over 400
tonnes of NdFeB permanent magnet will become available instantly. In contrast, WEEE produces
a relatively low quantity of NdFeB per product but at a steady rate as shown in Table 3.5. In com-
parison, the plant will need to wait near 2,500 months, or 200 years to collect the same quantity
of NdFeB magnets from WEEE.

NdFeB per product NdFeB flows est.

Flow [g] [kg/month]
Product type [kg/month] Min Max Avg Low High
HDDs (3.5") 2,500 6.0 22.0 14.1 27.5 102.5
Laptops 5,000
HDDs 2.0 5.0 2.5 3.1 5.0
Speakers 0.6 5.3 1.8 1.3 4.0
PC Screens 70,000 1.7 15.0 54 7.0 21.0
TVs 45,000 3.0 33.0 12.0 20.0 45.0

Table 3.5: Possible quantities of Nd-Fe-B magnet that can be collected from different electronic waste streams at the
Halmstad plant owned by Stena (Lixandru et al., 2017)

Consumer products such as vehicles, computers and household appliances have both a shorter
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life time and are produced continuously by various manufacturers. This means that the the flow of
NdFeB magnets is continuous, whereas its constituent material composition may fluctuate greatly.
The differences in material flows and composition can be seen in Table 3.5 and Table 3.4.

Each application will have a different material composition, coating, size, shape and EoL state.
The advantage is that this source of NdFeB magnets is readily available for processing and grows
incrementally. On the other hand, the vast range of magnets originating for a myriad of disparate
sources create a complex mixture of magnets with divergent characteristics, where information
on the exact material composition is difficult to obtain.

It can be assumed that permanent magnets from OWTs within the same OWF are identical
in shape, size, composition and coating. Design specifications for OWT permanent magnets are
highly confidential, so this was therefore not officially verified. However, based on a visit to the
assembly site, this assumption was derived from the fact that a single generator contains nearly
7,000 blocks of permanent magnet, that were not discernibly different. Additionally the produc-
tion of several different magnets and distinguishing in the production and assembly phase would
probably not be efficient from a practical or economical perspective.

The discrepancies in the material flows pose economic and technical challenges for the de-
velopment of efficient recycling process of materials. The economic viability is dependent on the
presentation of a business case for recycling which is contingent on scalability (economies of scale).
Developing and installation of a recycling process requires a substantial initial investment (capital
expenditure, CAPEX) and thus needs sufficient volumes to be economically attractive.

The technical feasibility notwithstanding, necessitates time, information and a consistent source
of materials. It takes time to design a process and develop technology for the processing of mag-
nets. Information is needed on the incoming material flow to determine the best way to process
the materials for optimal outcome. Once a process is developed for the specific material flow,
the actual flow of incoming materials needs to be consistent with that which it was designed to
process.

In a broader context, as the global share of OWTs is growing along with the size and capacity
has resulted in a rapid increase in demand for REEs in OWTs as shown in Figure 3.2. Addition-
ally, the increasing price of Nd and unstable market of magnetic materials seen in Figure 3.3 and
Figure 3.1 is a reason for the importance of minimising REE consumption, magnet protection and
development of magnet recovery processes (Kapustka et al., 2020). Combined these create an
economic incentive to recycle and may pose a viable business case in the future.

3.1.3 | Properties

To determine how to disassemble the permanent magnets from the generator information on the
properties of the magnets is needed. However, data on the permanent magnets of OWTs is not
readily available due to confidentiality. Additionally, OWTs have an expected life span of 25-35
years, meaning that no OWTs of this magnitude have been decommissioned yet such that it is not
possible to know what the exact EoL state of the magnets will be.
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Figure 3.1: Recycling potential estimate of REEs from (a) hard disk drives and (b) mobile phones in the period of 2010-2019
(Miinchen et al., 2021)
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Figure 3.2: Mass and material intensity changes for REEs from 2020 to 2040 (Li et al., 2022)

300000
250000
200000
150000

Price in U.S,,
dollars per metric ton

100000
50000

0
2009 2011 2013 2015 2017 2019 2021 2023 2025

Figure 3.3: Nd oxide price in US dollars per metric ton worldwide from 2009 to 2025 (Kapustka et al., 2020)

In contrast, permanent magnets in WEEE have been around for a much longer time and pro-
vide a constant stream of EoL waste permanent magnets due to their shorter life span. As such,
data on permanent magnets extracted from WEEE can be used to approximate the properties of
permanent magnets in OWTs. This was complemented by data from literature and practice on
permanent magnets from OWTs where possible.

For commercial purposes, permanent magnets are often classified by their maximum energy
product, BHmax, Which is simply the product of the magnetic flux density, B, and coercivity, H.
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Other properties relevant properities such as remanance, flux density and Curie are defined in
Table 3.6.

Property Units Definition Range (approx.)
Magnetic flux den- B Tesla, T  Force acting per unit current per unit length 10-14
sity
Magnetic field H kAm1 Intensity of the magnetic field that arises froman ~ 750-2000
strength external current
Maximum  energy BHp., kJm3 Maximum magnetic energy stored in a magnet, 180-414
product BH
Remanence B, Tesla, T Remnant flux density, measure of the ability ofa 1-1.5
material to retain magnetisation
Coercivity Hc kAm1 Measure of the field required to magnetise and 875 - 2790
demagnetise a specimen
Permeability Ko - Ease of magnetisation, measure of a materials’re- ~ 1.05
sistance to the magnetic field
Temperature coeffi- « %K1 Measure of change in remanence per unit tem-  -0.12 to -0.09
cient of B, perature
Temperature coeffi- £ %K1 Measure of change in magnetic field strength per  -0.75 to -0.313
cient of Hc unit temperature
Curie temperature Tc °C Critical temperature at which the material loses  310-400
its magnetic properties
Density ) gem™ 7.3-7.7
Thermal conductiv- A Wm1K1 Number of watts conducted per meter thickness ~ 8-9
ity of a material, rate at which heat flows through a
given material
Thermal expansivity o K1 Increase in size of a material due to changes in  1-4 x10¢

temperature

Table 3.6: Overview of the different properties of permanent magnets and approximate ranges for the properties of sin-
tered NdFeB magnets at 20°C based on company websites from various sources (Neorem magnets, Magnet source,Advanced
magnet source, Arnold Magnetics,Ee-magnetstuk, Eclipse Magnetics)

Although there are many differences between permanent magnets from WEEE and OWTs,
data from permanent magnets on WEEE is readily available and provides a starting point for ap-
proximating the properties. The scope of this study however is not to derive the exact composition
but to determine the most effective recycling route for the effective recovery of REEs. As such,
fluctuations in the properties of permanent magnets, such as the density, need to be taken into
account in calculations.

When looking at permanent magnets in WEEE, there is an abundance of literature on the
material composition. Approximations are also needed because material properties can change
with time as demonstrated by Diehl et al. (2018), who compared the properties and composition
of scrap magnets from WEEE with primary materials. Therefore, even if precise data on permanent
magnets from OWTs in the design phase, their properties at the EoL may have changed.

It is known that the permanent magnets are NdFeB based and are coated, the exact composi-
tion of these specific permanent magnets and their coating is however unknown due to confiden-
tiality and lack of EoL OWTs that have already been decommissioned. These details determine
the magnet’s exact properties such as the density, conductivity, and Curie temperature. Informa-
tion on these properties are necessary to determine an efficient recycling process for the effective
recovery of REE.
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3.2 | Recycling routes

The recycling process covers the entire chain of the materials from the product’s EoL, the starting
point, to the development of a recycled material that is ready to use in a new application, the end
point. A more detailed overview of the recycling process based on Figure 1.9 is shown in Figure
3.4. The sub-steps of the pre-processing stage are shown in the green blocks, while those of the
end-processing stage are shown in the red block.
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Figure 3.4: Extended overview of the entire recycling process including the sub-steps of the pre-processing and end-
processing stage.

3.2.1 | Process overview

The pre-processing phase is often referred to as physical or mechanical separation, whereas the
end-processing is often referred to as chemical, or metallurgical for metals, refining of the material
to obtain pure materials, metals or alloys. The following sections will provide a brief overview of
the sub-steps of the pre-processing and end-processing stage to understand how these might be
applied to permanent magnets from WEEE and OWTs. This will provide insights into how the
characteristics might affect the quality of the recycled material and which factors influence it.

The pre-processing phase is a central step in the recycling chain of WEEE and complex products
that channels secondary raw materials into a designated recovery process through liberation and
separation (Marra et al., 2018). These outputs are then subjected to the end-processing phase in
which a targeted set of materials are recovered. However, there is always a probability that the
presence of certain types of impurities may lead to a lower quality end product after processing
(Ueberschaar et al., 2017).
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3.2.11 | Disassembly

Disassembly refers to the physical dismantling of the product, whereas depollution refers to the
removal of hazardous materials to ensure the safety of the remaining process. Disassembly is
a crucial step in the pre-processing phase of the recycling process that aims to separate parts,
components, and materials for material recovery (Kopacek, 2017; Song et al., 2014). There are
three underlying goals of disassembly according to Sodhi et al. (2010); Vanegas et al. (2018):

. Service or repair a product while it is in use
. Remove hazardous or toxic parts or materials

. Recover valuable parts or materials through separation at the EoL

Disassembly is often a requisite step for the removal of hazardous substances and extraction
of components or parts containing valuable materials, such as REEs and precious metals. The
hazardous materials that have to be removed can be found in Table 1.5 and is often obligated by
law depending on the location of the facility. Targeted components will be separated from the
product for specific treatments or for the recovery of target materials.

Depending on the goal of disassembly, three different types of disassembly can be used, which
can be done either non-destructively, keeping the parts and components intact or destructively,
where the parts and components are destroyed in the process (Sethurajan et al., 2019). The three
possible types of disassembly are defined in Table 3.7. In the depollution phase for example, se-
lective disassembly would most likely take place, which may be followed by complete disassembly
to extract the remaining valuable components.

Complete

The product is separated into all its parts

Partial A systemic approach for the removal of a sin-
gle component, part or group of components and
parts from a product, DSP is used to determine
the disassembly depth and optimal sequence.

Selective Targeting specific components for which the end
point is determined, often the case for either haz-
ardous or high-value components, similar to par-
tial disassembly

Table 3.7: Summary of the three types of disassembly (Desai and Mital, 2003; Marconi et al., 2018; Tao et al., 2018)

Disassembly sequence planning (DSP) is a process in which the order in which the compo-
nents of a product need to be disassembled is established. In conventional disassembly processes
only the joints between components are removed, whereas in destructive disassembly, the whole
target product is destroyed into pieces. Partial destructive disassembly, on the other hand, only
destroys the connectors and low valued components. DSP is therefore only conducted for con-
ventional and partial destructive disassembly processes (Song et al., 2014).
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3.2.1.2 | Sorting

Sorting takes place on several occasions after the disassembly, it can be seen as an iterative process
by which each sorting step aims to sort parts at components at a different level. Disassembly and
size reduction are requisite steps for sorting to enable the separation of parts, components and
materials based on their characteristics (Maisel et al., 2020).

The initial sorting process, also referred to as pre-sorting, takes place at a high level, where
the components are sorted based on their classification and subsequent processes, which also
serves as a basic form of decontamination (Maisel et al., 2020). At this stage, hazardous materials
are removed and grouped according to their classification and contaminants, such as batteries,
smoke detectors, fluorescent lighting. Depending on the disassembly level, components contain-
ing valuable materials such as cables, printed circuit boards or hard disk drives are also sorted and
collected separately.

The remaining components will be sorted by size and basic materials to undergo the first stage
of size reduction. At the high level, it is preferable to sort materials based on their general cate-
gories (ferrous metals, non-ferrous metals, glass, plastics and other) where possible. For example,
a component that is predominantly metal and another that is mostly plastic should be sorted sep-
arately if economically and technically feasible. The more the materials are sorted at this level, the
lower the level of contamination in later stages.

3.2.1.3 | Size reduction

Size reduction is a process based on communition which aims to liberate the materials and enable
physical separation of the materials in the product by decreasing the particle size. The liberation
degree is the percentage of a phase or material that occurs as free particles in relation to the total
sample (Kasper et al., 2015). Multiple stages of size reduction may be necessary to achieve the de-
sired liberation degree and particle size, which can strongly impact the success of the subsequent
mechanical processing and the subsequent recovery grade (Ruan and Xu, 2016).

Different technologies may be applied to reduce the size of components or particles. The main
ones are shredding and cutting, crushing and milling and grinding and pulverisation, which are are
described in Table 3.8. Each of the processes has different types of equipment built to handle
different types of feeds, which may vary in sizes and materials (Cui and Forssberg, 2003).

The method and technology used depends on the characteristics of the incoming feed and
desired output. The desired output particle size is dependent on the separation method used
in the next stage, which can range from 0.075mm to 10mm as each separation technology has
a different optimal feed characteristics (Ambaye et al., 2020; Ruan and Xu, 2016). According to
Kasper et al. (2011) metals present in WEEE are easily separated when the technology used is
able to reach particles under 2 mm, which would virtually achieve total liberation (Kasper et al.,
2015).
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Size reduction | Description

Shredding and cutting Shear force by cutting, tearing or extruding is
used to reduce the size of feed materials through
shear (industrial shredders, granulators)

Crushing and milling Using impact force to reduce the size of particles
(impact crusher, hammer mill)

Grinding and pulverising | Selective communition process to reduce and
change the size or shape of particles

Table 3.8: Overview of the different types of size reduction and the technologies that can be used (Kaya, 2016; Tabelin
et al., 2021)

After the pre-sorting stage, the first stage of size reduction can take place where shredding and
cutting is predominantly used for large WEE equipment such as ashing machines, refrigerators and
air conditioners. Industrial shredders can take on components with dimensions between 1-2m in
width, breadth and length and produce particles with sizes below 100mm (Batinic et al., 2018).
Once particles have been reduced to this size, they are processed again in other size reduction
technologies to be further reduced down to the desired particle size.

Size reduction utilises a significant amount of energy, such that the time and energy consump-
tion for different materials should be taken into consideration. The communition energy efficiency,
which determines the degree of liberation, and the energy required is inversely proportional to the
size of the particle produced (Kasper et al., 2015). On the other hand, excessive crushing can de-
teriorate the liberation grade making it difficult to separate metals and decrease the recovery rate
of materials (Ruan and Xu, 2016).

3.2.1.4 | Separation

After undergoing size reduction, the liberated materials of varying particle sizes are separated
based on material properties such as their size, shape, magnetism, density or electro-conductivity.
Physical separation technologies employed include magnetic separation, eddy current separation,
air current separation, corona electrostatic separation and vacuum metallurgy separation (Am-
baye et al., 2020; Cui and Forssberg, 2003; Kasper et al., 2015). Other examples of technologies
include flotation, sieves, shaking tables and air classification. Examples of the different separation
characteristics and technologies are shown in Table 3.9.

After the initial screening, the ferrous and non-ferrous materials are segregated through mag-
netic separation, most commonly with a low intensity magnetic drum. Subsequently, an electro-
conductive separation technique, commonly the eddy current or corona electrostatic separation,
will separate the non-ferrous metals from the other materials, such as plastics, glass and so on.
Next, a density or gravity based technology will be used to further separate particles by their
specific gravity (Batinic et al., 2018).
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Separation \ Description Examples

Size Particles classified and distinguished by size to prepare  Sieves (vibrating, rotating, vibra-
a uniformly sized feed and upgrade metal content, also  tion)
known as screening

Shape Particles separated by velocity differences when tilted on  Inclined conveyor and vibrating

a solid wall, time taken to pass through a mesh aperture,
cohesive force to a solid wall and settling velocity in a lig-
uid

plate used as a particle shape
separator

Gravity or den-
sity separation

Use density of materials to differentiate acceleration and
speed in laminar flow, sedimentation rates and interstitial
consolidation to separate heavy and light materials

Air current separation, dense
medium separation, jigs, suspen-
sions, flowing film concentrators,
froth flotation

Magnetic

Particles exposed to the magnetic field and forces acting
on them, result in the attraction or repulsion of the same
field to recover ferromagnetic materials from non-ferrous
metals and non-magnetic waste

Dry separators, wet separators,
magnetic drum

Electro-
conductivity

An electric field with sufficient intensity to separate an
electrically changed particle and particles with a superfi-
cial electrical charge or with induced polarisation are in-

Eddy current separation, corona
electrostatic separation, tribo-
electric separation

fluenced by an electric field

Table 3.9: Overview of the different types of materials separation and the technologies that can be used (Ambaye et al.,
2020; Cui and Forssberg, 2003; Guo et al., 2016; Kasper et al., 2015; Thompson et al., 2021)

3.2.1.5 | Refining

The end-processing phase refers to the refining of the material from the pre-processing phase
such that the targeted metals can be extracted. There are a broad range of refining methods and
technologies available dependent on the type of material that is top be processed. For metals the
most commonly used processes are either hydrometallurgical, pyrometallurgical or electrochemi-
cal, although some biotechnology options are also available. A short summary and the advantages
and disadvantages of the processes can be found in Table 3.10.

3.2.2 | Recycling permanent magnets

From the different recycling options for magnets given in Table 1.8, magnet to magnet and waste
to alloy are the most realistic and preferred options. If magnets can be separated completely from
EoL with minimal levels of contamination, this would enable the preferred recycling options. These
routes are not suitable for shredded materials due to the high levels of contamination Yang et al.
(2017).

The quantities of permanent magnets that can be collected from different electronic waste
streams is very low compared to its constituent product. For every incoming kg of HDD between
11 - 41 g of permanent magnet can be recovered. In contrast, for every kg of laptop, PC screen
and TVsonly0.9-1.8g,0.1-0.3gand 0.4 - 1 g of permanent can be collected, based on Table 3.3.
The amount of permanent magnet retrievable from a HDD that has been disassembled prior to
processing is at least 12 up to 150 times more than that of the other WEEE products. Therefore,
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Process Description Advantages Disadvantages
Pryometallurgy Incineration, smelting, drossing, sintering ~ Applicable to many Air pollution, metals
and smelting to recover non-ferrous and  types of WEEE, no lost, presence of ceram-

precious metals, metals concentrated in
metallic phase and remainder is rejected
in a gas and/or slag phase

pre-treatment required,
shorter process

ics/glass increases loss
of precious and base
metals, low recovery for
some metals

Hydrometallurgy

Uses acids or caustic watery solutions
to selectively dissolve and precipitate
metals, solutions separated through sol-
vent extraction, precipitation, cementa-
tion, ion exchange, filtration and distil-
lation to isolate and concentrate target
metal

High selectivity, lower
processing costs, risk of
air pollution and power
consumption, reusable
chemical reagents

Difficult to process com-
plex WEEE scraps, size
reduction required, cor-
rosive waste water

Electrochemical

Electrowinning performed in aqueous
electrolytes or molten salts, metal con-
centrates from hydrometallurgical pro-
cesses are electrodeposited from aque-

High selectivity, elec-
trolyte can be reused,
few steps, possible to
extract pure metals

Mechanical or hy-
drometallurgical pre-
treatment needed

ous solutions on the cathode

Table 3.10: Overview of the different types of metallurgical recycling technologies that can be used (Kasper et al., 2015;
Tabelin et al., 2021)

it is clearly preferable to disassemble the products as much as possible to increase the quantity
and quality of permanents for recycling.

OWTs on the other hand, contain permanent magnets that weigh approximately Illg each
and are enclosed in a casing containing approximately [lllg of permanent magnets. As such,
every kg of magnet contains [lllg of permanent magnet that can be recovered. This is three
times more than the quantity of permanent magnet that can be extracted from the HDDs. Also,
a single permanent magnet in the magnet casing is at least 10 times larger than than the average
quantity of permanent magnet in an entire WEEE product.

Taking the size and concentration of permanent magnets into consideration, the technical and
economic feasibility of recovering the magnets in a state that is suitable for magnet-to-magnet
or waste to alloy-recycling is a lot higher for OWTs. Ideally, the permanent magnet would be
extracted from the magnet casing and decoated to provide the purest possible materials stream
for end-processing.

The recycling of EoL permanent magnets can be split into two categories, the first is small
magnets from WEEE and large magnets from OWTs as shown in Figure 3.5. There are two different
strategies for the recycling of permanent magnets from WEEE, the first entails disassembly and
pre-sorting prior to size reduction and refining, while in the second the WEEE undergoes size
reduction without prior separation and relies on mechanical separation for physical upgrading
followed by refining.

If the first route is followed, then the shredded materials are thermally demagnetised in a
furnace and undergo further size reduction via grinding and screening to obtain a NdFeB mag-
net concentrate. Subsequently the concentrate undergoes metallurgical separation and recovery
which can be either a hydrometallurgical or pyrometallurgical process.
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Figure 3.5: Overview of the entire recycling process for NdFeB permanent magnets according to (Peelman et al., 2018)

A more detailed example of the first route is shown in Figure 3.6, which is the proposed re-
cycling process for permanent magnets from HDDs. The HDDs are first dismantled from their
component and then shredded to liberate the magnetic materials from the non-magnetic mate-
rials, such that approximately 70% of the magnetic particles could be recovered. The separately
collected magnet residues then undergo a thermal demagnetisation process followed by grinding
and screening, which represented approximately 63% of the total collected shredder residue.
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Figure 3.6: Proposed recycling process for permanent magnets in HDDs (Peelman et al., 2018)

For recycling permanent magnets from OWTs, shredding the whole device, in this case the
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generator, is not technically feasible as the largest industrial shredders process waste up to 2 m x
2 m while the generator has a diameter of 8 m and height of approximately 1.5 m. Therefore, if
the generator is to be shredded as a whole it would have to undergo a crushing stage first in order
to fit.

If it was technically feasible to shred a generator containing the magnets after crushing, this
would be undesirable due to the low concentration of magnet in a high volume of waste. The
concentration of recovered REEs from dismantled HDDs was between, 5-20% after physical pro-
cessing. In contrast, an approximated ratio of the volume of permanent magnet to the outer rotor
and casings alone is 1.5%, meaning that the quantity of desired materials for recovery is relatively
low in comparison to the total available material.

Industrial shredders are commonly used to shred equipment such as washing machines and
refrigerators and are also known to be magnetic, where magnetic materials can get stuck in the
shredder causing it to break. Considering that the permanent magnets in generators are highly
magnetic, it may not be possible to shred in a magnetised state and the remanence in a demagne-
tised state may still pose a safety risk.

It may be difficult to separate the permanent magnets from the casing and rotor, as they are
likely made of steel or other ferrous materials that have magnetic properties. In WEEE, the per-
manent magnets can be magnetically be separated from non-ferrous metals and non-magnetic
waste such as plastics used in the casings. If the structure is made of predominantly ferrous met-
als, separation may also be more challenging.

A recycling route in which the magnets are first removed from their main component, the
generator, is in this case preferred. The permanent magnets in OWTs are significantly larger and
present in higher quantities in comparison to WEEE, the disassembly of the magnets has to take
into consideration additional effects of the magnetic field. Since this is not the case for perma-
nent magnets in WEEE, it is important to determine how to disassemble the magnets from the
generator in a safe and effective manner.

3.2.3 | Disassembly

Disassembly describes the separation of parts, components and materials of a product either man-
ually, automatically or robotically (Kopacek, 2017; Sethurajan et al., 2019). A product may be
joined mechanically, chemically or at an elemental level. Disassembly can involve either an un-
fastening action or a destructive action, where the former involves the removal of a fastening
element and the latter refers to breaking a fastener joint (Sodhi et al., 2010).

Disassembly can be done either manually, automatically, or robotically often with a combi-
nation of destructive and non-destructive methods to target specific components and materials
(Kopacek, 2017; Sethurajan et al., 2019). The method chosen depends on the goal of disassem-
bly, which could be to recover valuable materials or separate hazardous substances. In the case
of hazardous substances, more caution may be necessary and destructive may not be suitable as
there may be risks of contamination or leakage.
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3.2.3.1 | Disassembly of WEEE

If the goal is to recover the REEs from a WEEE product containing permanent magnets, the compo-
nents containing hazardous substances will be removed first. Based on the interviews with Brian,
Virginie and Marco from Coolrec and Suez, this is done through a selective disassembly process
executed by dedicated specialists who are experts at the quick removal of targeted components.
These experts have experience in the selective disassembly of a broad range of devices and can
quickly locate, recognise and remove target components.

At the same time, companies will often also aim to separate components containing valuable
materials such as hard disk drives containing permanent magnets. The degree of liberation of the
permanent magnets from their hard drives is dependent on the economic and technical feasibility.
For this reason, it is economically viable to separate the hard disk drive from a desktop computer
but further manual liberation is too time consuming.

Examples of a manually and non-destructively disassembled laptop and television are shown
in Figures 3.7a and 3.7b. These depict the complexity of the product and quantity of steps that
need to be taken to extract the valuable components such as the permanent magnet.

Loudspeaker Loudspeaker

o7 assembly W
- ‘.‘hr"._'—— —

(a) Example of the disassembly process for retrieving perma-
nent magnets from a laptop speaker

(b) Example of the disassembly process of a TV screen

Figure 3.7: Example of the disassembly processes for two types of WEEE from (Lixandru et al., 2017)

The size of permanent magnets in comparison to the WEEE product is relatively small. A laptop
is around 20-30cm and a TV can range from 50cm to over 2m, the magnet containing components
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are around 2-5cm and the permanent magnets are 1cm or less, which can be seen in Figure 3.7.
This means that manual separation would require many precise actions, which is labour intensive
for the retrieval of 1-3g of magnet (Lixandru et al., 2017).

The wide range of products in which permanent magnets can be found in WEEE means the
actions vary per product. As such, a scalable, affordable and efficient automated disassembly
process for WEEE has not yet been introduced and is often done manually or skipped altogether
and directly undergoes size reduction (Li et al., 2015). This was also corroborated during the
interviews, where Virginie and Brian confirmed that specialists manually selectively disassemble
products such as laptops.

During the visit to the MSE lab at the TU Delft it was found that liberation of the permanent
magnets from a hard disk drive can be done through an automated cutting process. The permanent
magnet within the component is located and that section of the component is then cut off and
separated from the remainder of the hard disk drive, which is then sent for further processing.
This is also a form of size reduction which aims to increase the quantity of permanent magnets
per volume processed.

The advantage of the large size and uniformity of OWTs means that it may be possible to
standardise and automate the disassembly process. WEEE is a consumer product that can be
casually disposed of, whereas OWTs are large industrial products with a clear owner and strict
regulations that need to be met. Therefore, if an OWF is decommissioned, multiple identical
OWTs will need to be disassembled at once.

The manual disassembly of permanent magnets from WEEEs is labour intensive due to the
effort required to separate the magnet relative to the quantity of magnet retrieved. During this
disassembly process they are still magnetised and only demagnetised after they have been col-
lected and sorted separately. This is different for the disassembly of OWTs.

3.2.3.2 | Disassembly of PMGs

There are limited examples in literature and reports that describe the disassembly of permanent
magnets from OWTs. Nevertheless, some comparable examples were found for the disassembly
from permanent magnet electrical machines from electric vehicles and scooters. A permanent
magnet generator of an electrical scooter was available during the MSE lab visit, however it had
not yet been demagnetised or disassembled and could only be viewed as an assembly.

In a study by Li et al. (2019b), a study explored several measurements of magnet disassembly
from traction motors of hybrid and electric vehicles that contained surface mounted and interior
permanent magnet synchronous machines. The machines were disassembled from the vehicles
prior to attempting to remove the permanent magnet, which is comparable to the removal of the
HDD from a computer to isolate the part.

The magnets of the machines in the study were fixed to the rotor using an adhesive, which was
also seen at the lab for the permanent magnets in the scooter. In the study, the main challenge was
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the separation of the magnets due to the adhesive and the behaviour of the magnetised magnet
once it was liberated from the assembly.

Mechanical treatments caused damage to the permanent magnets due to their brittleness and
absence of appropriate tools. Thermal treatments dissolved the glue before reaching the Curie
temperature required to demagnetise the magnet, causing them to fly uncontrollable out of the
rotor. Furthermore, the heating of adhesives also produced a heavy amount of smoke.

3.2.4 | Demagnetisation

To determine how to demagnetise and disassemble permanent magnets it is important to un-
derstand a few basic principles of magnetism. These principles can then be used to determine
which properties are relevant for disassembly and recycling and how they might affect the pro-
cess. Theories of magnetism do not directly fall under materials science but rather under electrical
engineering, however magnetic properties are related to material structures and properties and
therefore important to understand.

3.2.4.1 | Magnetism

The basic principle of magnetism starts with the movement of electric charges that produce an
electric current. The direction is determined by the direction of motion of a positive charge. The
charged particles experience magnetic forces perpendicular to their direction of motion, producing
a magnetic field around the current. The strength of the magnetic field produced is referred to
as the Magnetic Field Strength, H, which can be measured at different points in a field and varies
depending on the distance from the center of the current.

Charged particles moving between two magnetic fields experience a force that is perpendicular
to the field direction and velocity of the particles. The magnitude of that force is proportional to
the speeds of the particle, its charge and the sine of the angle between the velocity and field
direction. This leads to the Lorentz force law, which can be used to calculate the magnetic field
and the force between those fields.

Lorentz Force Law

F=qv+xB (3.1)

F=qE+qvxB (3.2)

The permeability of free space, 1o = 47 x 10~ is a constant measured in [TmA~1]. For linear,
homogeneous and isotropic media the magnetic field, B, and magnetisation, M, are proportional
to the magnetic field strength, H as shown in Equation 3.3 and 3.4. Where u and x,, are the
permeability and susceptibility of the material.
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ll\.lllagnetlc aiel el iy The strength of the magnetic field is determined

by the strength of the current, measured in Am-
peres per unit length [Am-1]. It measures the in-
fluence of a magnet on an electric current.

Magnetic field, B The magnitude of the force on a moving change,
also referred as the magnetic flux density.

Magnetisation, M The volume density of magnetic moments given
in Tesla [T]. It measures the net magnetic dipole
moment per unit volume.

Flux, ® The measure of the total magnetic field that
passes through a given area measured in Tesla [T]

Table 3.11: Main principles of magnetism

B&H
B =uH (3.3)

The coefficients 1 and x,, are related to each other by Equations 3.5 and 3.6.

Coefficients
1= po(xm+1) (3.5)
Xm = —1 (3.6)
Ho

The magnetisation of ferromagnets exhibit hysteric behaviour and is shown in the hysteresis
loop in Figure 3.8. An increase in strength of the magnetic field leads to a non-linear increase in
magnetisation until the saturation point Ms. When the field is reduced from the positive value,
there is some remnant magnetisation, M,.. The field at which the magnetisation changes direction
is the coercive field of the magnet, Hc. The magnetisation decreases with increasing temperature
due to the thermal energy that affects the magnetic order.

The hysteric behaviour of magnetisation is caused by the presence of magnetic domains in a
material. Magnetic materials contain domains, separated by domain walls, where the magneti-
sation is saturated locally in the individual domains as shown in Figure 3.9. When the magnetic
material is exposed to a magnetic field above Hg, the moments in each domain orient along the
field resulting in the saturation magnetisation Ms.

Magnetisation is linked to the easy magnetic direction (EMD), which is the energetically favourable
direction of spontaneous magnetisation referred to as the minimum anisotropy energy EA. The
hard magnetic direction (HMD), is described as the maximum E 4. In most magnetic materials, the
magnetisation is not completely free to rotate, where the directional dependence of the magneti-
sation is known as magnetic anisotropy (Li et al., 2019a; Sechovsky, 2001).

Magnetic anisotropy is one of the most important characteristics of materials considered for
permanent magnet applications because the magnetisation must be pinned in a provided direction.
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Figure 3.8: Example of a hysteresis loop (Arora, 2018).

Figure 3.9: Example of magnetic domains and magnetisation (Arora, 2018).

The most common type of magnetic anisotropy is magneto crystalline anisotropy, which is the
tendency of magnetisation to align itself along a preferred crystallographic direction, caused by
the spin-orbit coupling. (Li et al., 2019a; Sechovsky, 2001). This is due to the phenomena in which
the internal energy, the magnetic anisotropy energy (Emca), varies by the direction of the material
(Azuma, 2018).

The spin-orbit coupling is a relativistic effect that occurs when a particle with non-zero spin
moves around a region with finite electric field. It is the interaction between an electron’s spin and
its orbital motion around the nucleus, linking the electron orbits to the crystallographic structure
(Ito and Tanaka, 2014; Majumdar et al., 2016). They make the spins prefer to align along the well
defined crystallographic directions by their interaction with the spins.

The high energy product of a permanent magnet originates from the high uni-axial magneto-
crystalline anisotropy of a magnet which produces a high coercivity (Li et al., 2019a). Where the
intrinsic coercivity is a measure of the field required to magnetise and demagnetise a specimen,
which can be derived from the constitutive relation in Equation 3.7.
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B=po(H+M) (3.7)

Spontaneous magnetisation in a material occurs at low temperatures until the material be-
comes saturated, such that the atomic moments tend towards perfect alignment. As the temper-
ature increases, the magnetisation gradually decreases until T approaches the Curie temperature,
Tc, which is where the magnetisation drops dramatically to zero. The Curie temperature of a
material is dependent on «, the mean field constant, pg, the permeability of free space, N, the
number of non-interacting atomic magnetic moments per unit volume, m, the magnitude of the
magnetic moment and kg, the Boltzmann’s constant shown in Equation 3.8.

Curie temperature
_ HoN oam?

3k (3.8)

Tc

Permanent magnets are hard magnetic materials that have a low permeability and high coer-
civity which makes them difficult to magnetise and demagnetise. Once the become magnetised
they tend to remain magnetised. Properties of permanent magnets that are primarily looked when
selecting a magnet are the coercivity H, saturation magnetisation M and remanence, B..

The coercivity of a magnet is the value of H required to reduce B to zero, Hc, while the re-
manence is the value of B when H is reduced to zero, B, based on Equation 3.7. The coercivity
can also be described as a measure of the ability of a ferromagnet to resist changes in magnetisa-
tion. The saturation magnetisation My is when all the moments within an magnetic domain align
parallel to one another and all the domains are also uniformly aligned.

Structural changes through oxidation may take place throughout the life cycle of the perma-
nent magnets in OWTs, which create a layer with lower intrinsic coercivity than the body of the
magnet and thus is more easily demagnetised. This causes a reduced working volume and blocks
the field from the magnet’s interior resulting in a poorer performance of the magnet. For this
reason, the composition of the magnet is varied through the addition of alloying elements and
coatings such as Ni, Zn and Al with thicknesses of 10-20 um or epoxy with thickness 20 -30 um
are applied (Constantinides, 2022; Hogberg et al., 2017).

3.2.4.2 | Thermal or non-thermal demagnetisation

In practice, permanent magnets from WEEE and OWTs are disassembled, separated, shredded
and demagnetised, although the order depends on the product, before end-processing. The dis-
assembly of magnetised magnets from OWTs is a lot more challenging than WEEE due to the size
of the magnet and its resultant force(Li et al., 2019b). Therefore it is worthwhile to explore how
the magnets may be demagnetised before disassembly.

The magnetic properties of a material is dependent on temperature, pressure and applied mag-
netic field and changes to those properties can be either reversible, irreversible or structural. For
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OWTs, if the goal is magnet to magnet recycling, it is desirable to invoke an irreversible change in
magnetisation to avoid the magnet becoming re-magnetised after demagnetisation.

The first consideration for demagnetisation is if this should be done thermally or with an oppo-
site magnetic field, non-thermally. Thermal demagnetisation, by heating the permanent magnet
to its Curie temperature is a form of irreversible demagnetisation. Non-thermal demagnetisation
involves the application of an external demagnetising field that exceeds the intrinsic coercivity of
the material such that the magnetisation is flipped in the opposite direction.

Thermal demagnetisation is most commonly used in practice for both WEEE and the perma-
nent magnets that have been disassembled before demagnetisation. Thermal demagnetisation
requires heating the permanent magnet to a temperature above the Curie temperature, irrespec-
tive of the magnet’s polarity, shape or size. As such, it can be applied to a wide range of shapes
and sizes and is likely the reason that it is the most commonly used form of demagnetisation in
practice. However, it is important to note that in thermal demagnetisation excessive heating has
been shown to degrade the properties of recycled permanent magnets (Hogberg et al., 2016).

The application of an opposite magnetic field is requires knowledge about the direction of
the magnetic field and the coercivity of the magnet. These properties vary per magnet and are
not always known, which may make it difficult to apply. There is limited literature on non-thermal
demagnetisation for permanent magnets from WEEE and interviews also have also been primarily
focused on thermal demagnetisation, therefore the remainder of this study will look into thermal
demagnetisation.

3.2.4.3 | Complete or local demagnetisation

Complete thermal demagnetisation refers to the heating of the entire structure that contains per-
manent magnets, whereas local demagnetisation refers to the process of heating the permanent
magnets locally within their structure. This option is not necessarily applicable to WEEE perma-
nent magnets, as they are disassembled, separated and reduced in size before they are heated up
together. For the larger structures, the aim is to demagnetise them before disassembly to enable
their physical removal.

For OWTs, the former would require fitting the entire generator into a very large furnace or
heating the structure through other means such as large scale industrial induction. Large scale
furnaces that fit an 8 m diameter generator do exist and are used in industrial processes that use
large autoclaves such as the steel making or aerospace industry. Large scale induction, as shown
in Figure 3.10, have not been seen in literature and are likely to be very complex and unrealistic
and will thus not be discussed in more detail.

Complete heating of the generator in a large furnace would have several logistical implications.
The first of which is the transportation to the facility at the EoL of the OWT. The generator would
either have to be disassembled offshore and be transported separately from the other decommis-
sioned OWT components or they would have to be transported from a site where the disassembly
of the generator is possible.
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Figure 3.10: Induction heating the entire generator structure.

At the assembly site in Cuxhaven for example, they have all the tools and structures in place to
disassemble the generator to a desired state, where for example the inner stator and rotor brake
can be removed prior to thermal demagnetisation. From there it can be transported to a site
containing a large autoclave who will provide the oven and conduct the heating. Nevertheless,
this facility needs to able to move the structure on site or remove the internal parts since they
may not have the space or lifting tools to do so.

The removal of the stator and rotor brake would be preferable from a efficiency perspective
as additional masses of material are not unnecessarily heated. However, these components also
provide structural stability and it may be difficult to lift and move the outer rotor without its
internal support structure due to the relatively thin walls in comparison to the diameter. If the
internal parts were to be removed and it is not possible to lift the structure horizontally, it may
have to be rotated and lifted vertically.

The presence of the stator and rotor brake also influences the furnace requirements, such as
the power needed to heat the generator to the Curie temperature. The larger the mass, the more
energy and time is needed to heat the structure. On the other hand, if the internal structure is
removed and the outer rotor has to be transported vertically, the logistical challenge would be
how to fit this into the oven.

Another consideration of complete demagnetisation at a large furnace at another site that
may contain magnetic materials. The generator contains many permanent magnets, such that
even small magnetic materials at the maintenance site are not allowed near the disassembly area.
This may mean that it is not safe to move an entire generator across a facility.

The reason that the generator would have to be transported to a heating facility by ship is
because it is not physically possible to move an 8 m generator on land. There are no vehicles that
could carry this nor is it safe because the magnets are still hot during transport.

Due to all the logistical challenges that come with complete demagnetisation, this study will
look into the possibilities of local thermal demagnetisation. Although this is not done for WEEE,
the size of the permanent magnets and the assembly of the rotor provide an interesting opportu-
nity that could be technically and economically viable for the optimal recovery of the permanent
magnets from the generator.
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3.3 | Summary of results

A summary of the key differences and similarities between the permanent magnets in WEEE and

OWTs for the characteristics as well as the recycling processes involved can be seen in Table 3.12.

The table collected the main findings from each of the previous steps to provide an overview for

comparison.
\ WEEE \ OWTs
8
."é o Life span <10 years Life span, 20-35 years
9]
‘g » Quantity per product range 0.5-300g Magnet size about 100-1kg
g » 0.144% recoverable from total inflow Quantity per product>1000 kg per turbine

Constant flow 178kg/month

Broad variety of compositions and applications

Instant flow >400t

Uniform magnets & assembly for one wind farm

Magnet to element more realistic due to impurities
Increased liberation improves recovery grade

Complex material mixture

Magnet to magnet feasible due to purity
Size reduction challenging due to magnetism and scale
Sorting and separation of ferrous metals difficult

Disassembly | Recycling grade

HDDs manually disassembled from main component
Labour intensive due to small scale

PM still magnetised during disassembly

Mechanical methods damage magnets due to brittle-
ness and force required

Thermal treatment dissolves adhesive before magnet is
demagnetised

Difficult to disassemble when magnetised

Demagnetisation

Smaller magnets have smaller magnetic forces

Done after disassembly, shredding and separation
Mostly thermal in a furnace

Mix of permanent magnets, varying Curie temperatures

Larger magnets have stronger magnetic forces
Needs to be done before disassembly
Thermal and local demagnetisation preferable

Identical permanent magnets, same Curie temperatures

Table 3.12: Overview of the comparison between recycling WEEE and OWT permanent magnets
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Disassembly

4.1 | Assembly

The permanent magnet generator consists of a moving outer rotor, fixed inner stator, a rotor brake
and permanent magnets, indicated in blue in Figure 4.2 and 4.1. The outer rotor has a diameter of
I and has I magnet casings distributed over [l columns in l rows fixed to the inner
wall using slots. Each casing contains 6 permanent magnet blocks which are placed in the center
of the casing.

Outer rotor

Permanent magnets

Inner stator
-
-

Rotor brake

Figure 4.1: A basic overview from the top of the generator assembly of an OWT.
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Outer rotor

Permanent magnets

- Inner stator

__— Rotor brake

Figure 4.2: Zoomed in view of the basic overview from the top of the generator assembly of an OWT.

Since disassembly is often the reverse of the assembly process it is important to understand
how an OWT is assembled. Information on the assembly of the OWT generator was obtained
through a visit to the SGRE nacelle assembly site in Cuxhaven, Germany, with Crosswind on the
5th of May 2022. At this site, nacelles for the SG 11.00-200DD direct drive OWTs, referred to as
the CrossWind OWT (CW OWT), are assembled.

4.1.1 | Magnet assembly

The shape of the permanent magnets in the CW OWT is shown in Figure 4.3a. The exact di-
mensions of the permanent magnets are unknown, but were derived from information provided
by the case companies. Based on the rotor diameter and the number of magnets the magnets’
dimensions were estimated to be ll mm (), Il mm (w) and Il mm (h).

In the CW OWT, | permanent magnets are stacked on top of each other as shown in Figure
4.3b, which gives a stack of permanent magnets with dimensions ll mm (), Il mm (w) and Il
mm (h). This stack of permanent magnets is then encased in a steel casing as shown in Figure 4.4.
The exact material composition and type of steel for the casing are not known.

The magnet casing is composed of a back plate and front plate which are attached to each
other through an unspecified adhesive. The permanent magnets are enclosed by the casing when
the two plates are glued to each other. However, it is uncertain whether there is an adhesive
between the magnets and the casing. The exact type of adhesive is also not known. The back
plate and front plate of the magnet casing, permanent magnet and adhesive can be seen in Figure
4.5.
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)

(a) Permanent magnet block with length I, width w and height
h

(b) Permanent magnet blocks stacked on top of each other

Figure 4.3: Permanent magnets in the OWT

Steel casing

Permanent magnets

)P

Figure 4.4: Magnet casing containing permanent magnet blocks stacked on top of each other

Since the magnet casings and permanent magnets find themselves in a moving outer rotor, it is
important for them to stay in place to avoid damaging the magnet during operation. Therefore, it is
possible that an adhesive is used to fix the magnets into place and prevent damage to the magnets.
If this is not the case, they may be geometrically bound and physically held by the casing, where
it is known that they are hermetically sealed to avoid exposure to external conditions.

There may be an air gap between the magnets and the casing due to small margins of error
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Figure 4.5: Breakdown of the magnet casing containing permanent magnet blocks shown from a top view.

in the manufacturing process of the casing and magnets. However, the physical constriction and
the magnetic forces after magnetisation may further prevent movement of the magnets inside the
case.

The back plate for each casing is slightly wider than the front plate such that it protrudes
slightly from the front plate. This is done to create a small segment of the back plate that sticks
out, referred to as strips, which will be used to fix the casing to the rotor assembly using slots. The
strips can be seen sticking out from the front plate in Figure 4.6.

 —

Figure 4.6: Front, top and side view of the magnet casing containing permanent magnets.

At the assembly site it was visible that each slot could stack | casings giving | rows. To de-
termine the number of columns, the number of magnet casings which was given to be Il was
divided by B This produced Il rows, which was not possible and therefore rounded off to
the nearest even whole number, Il which has been used throughout the rest of the study. As
the magnets must always be inserted in pairs, an uneven number of rows is not possible. This
produced Il rows containing [l casings each giving a total 1140 casings.
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The length of the casings were then estimated by dividing the circumference by the number
of columns, which produced Il mm. To account for the distance between the slots and keep
the width easy to work with, the length of the casing was approximated to be Illl mm. The
height of the casing had to be guessed based on memory of the ratio of the magnet casing and
was estimated to be [Jlll mm. The width of the casing was determined through iterations based
on the mass per casing given by the case company and density of the materials producing an
estimation of around ll mm. The approximated dimensions were used to derive the weight of
the permanent magnets and may be necessary for the disassembly concept.

4.1.2 | Generator assembly

The permanent magnets are delivered to the assembly site in Cuxhaven inside their casings as
a completed product in a demagnetised state, henceforth referred to as magnets, as shown in
Figure 4.6. Demagnetised magnets are referred to as cold magnets, whereas magnetised magnets
are referred to as hot magnets. Due to the strength of the magnets and the consequent safety
issues, the magnets are primarily handled by robots.

The magnets are brought to the generator assembly area, which consists of two floors that
are separated from the rest of the assembly hall in a Faraday cage. On the first floor, the magnets
are stored, removed from their packaging, and transported upstairs where they are inspected,
magnetised and inserted into the rotor. This process is entirely automated through the use of
various robots.
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The magnets are magnetised such that the opposite poles are facing the back and front plate
of the casing as shown in Figure 4.7. [l 1 I I H B B I B I
BRI I o -ample a North facing magnet

in Figure 4.7a.

N S K S

(a) North facing magnet. (b) South facing magnet.

Figure 4.7: Two possible orientations for the permanent magnets, where the pole facing the front plate is used as a
reference to describe the polarity of the magnet.
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After the magnetisation, the magnets are transferred to the area where the rotor is positioned
in the orientation shown in Figure 4.8. (11 11> 11 1191 1 1]
1 J 4+ 4 4J 4 J J 7 10 J950 77 | |
g4 4400 .9 . 0 19 0711

Figure 4.8: Magnet is inserted into an empty rotor via the slots.

The rotor is held in place using an exterior support system which also aims to help it maintain
its shape. The inner stator and rotor brake are inserted into the outer rotor prior to inserting
the magnets because they have to be placed very precisely. Once the magnets are inserted, the
magnetic fields will make it difficult to move the inner stator into the desired position.

To ensure there is enough space for the magnets, spacers are spread out along the perimeter
of the outer rotor between the stator and the rotor. These are also critical for the removal of
magnets in case of an error. Once the permanent magnets are installed the spacers are removed.

443 J 1 ' ' 1 . 000k
... 3 . 0 fr 0 1 Il
I EEE R top view of the slots is shown in
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Figure 4.9: Top view of slots filled with magnets in the outer rotor.
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Due to the polarity of the magnets, the order of insertion of the magnets is very important.
NN N NN NN N N AN AN N N DN N siclc os shownin
Figure 4.10. This ensures an opposing force between the magnets on two sides of the outer rotor
which prevents the structure from collapsing. The relatively thin thickness in contrast to the large
diameter of the outer rotor means that it is very susceptible to external forces that can cause it to

buckle, similar to an aluminium soda can.

Figure 4.10: Section view of the outer rotor with north pole magnets being inserted.

(N NN D DN DN DN N NN DN N N M MEEM - shownin
Figure 4.17. [ INEEE I INEEEEEE N N I NN N N I O N N O I
[N N NN N N DN DN AN O N NN N N MR e
(N (NN NN NN N N NN NN AU NN N DU N NN
I B B B B . Figure 4.7b and inserted in the same manner.

Figure 4.11: Section view of the outer rotor filled with north pole magnets and the last magnet being inserted.

Once the outer rotor is completely filled with magnets it should look as shown in Figure 4.12.
4 5 P 1 100 0 D rfrn i 1 1 |
N I AN I N N AN N N N The spacers are then removed

from the outer rotor and the generator is finalised and tested at another stage in the facility.
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Chapter 4. Disassembly 4.1. Assembly

Figure 4.12: Section view of the outer rotor that is completely filled with magnets.

4.1.3 | Disassembly at SGRE

The magnets need to be disassembled from the generator structure in a non-destructive manner
and cut open to separate the casing from the permanent magnets. To date, no magnets of this
exact size and construction have had to be disassembled from a generator for recycling at a large
scale. Therefore, it is important to learn from disassembly practices in other stages of the life cycle
such as the assembly and maintenance phase.

4.1.3.1 | Assembly site

At the assembly site, there are situations in which it is necessary to remove one or more faulty
magnets from the rotor during the assembly phase. This was described as a time consuming and
complex process because the magnets in the rotor are already in a magnetised state. As a result, a
tremendous amount of force is required to remove the magnet from the rotor and the involvement
of the entire factory is necessary.

The regulations at the assembly site state that an employee may not handle a hot magnet for
more than 20 consecutive minutes. Thus, multiple employees are needed for the different actions
involved in the disassembly process of the magnets depending on the quantity of magnets that
need to be removed. As the generator assembly area has limited employees involved, employees
need to come from various areas in the assembly site to assist in the process.

4 3 9 4 1 .9 i 10 11
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I (sce the top/bottom view of the magnet in Figure 4.4). [ N RN N I I 0 |
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Chapter 4. Disassembly 4.1. Assembly

4.1.3.2 | Service and maintenance site

SGRE has a facility in Denmark specialised in the service and maintenance of OWT generators,
where they remove, clean and inspect all the magnets from the generator. It was not possible
to visit the facility in person, so an interview was conducted with Elmedin on the 8th of August
2022, team lead of the repair shop of the generator, to collect information on their disassembly
process.

This facility is experienced in working with and disassembling 6 to 8 MW generators and de-
magnetising the magnets for prototypes of the 3 to 12 MW offshore wind turbines. Although
not all the generators they work with are specifically direct-drive permanent magnet generators,
they have significant experience working with magnets and receive specialised training in han-
dling magnets. Therefore, their experience provides valuable input to how the magnets might be
disassembled from the rotor.

When a generator needs to undergo service and maintenance it is brought to a the facility in
Denmark where the inner stator and rotor brake are removed to gain access to the interior of the
rotor. In this case, all the magnets are still activated, magnetised, such that they can only take
out one magnet at a time. This is due to the strong force of the permanent magnets that can
potentially cause dangerous situations.

I D B D D O D B D D D Bh O N e
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5+ . 1+ 1 15 r 1 1rrr1r
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[ AN N N N N O D N NN This magnet was not shown
but is assumed to be similar or identical to the magnet used at the assembly site. | ] EGczHGINR
1 .t . e e
I I I I I N A N D D N N MO N N BN
[ I I D N N N N BN O B - shown in Figure 4.13.

I I I A N N N N N N N O DN N N N N
! 1 r ! \+r. 1 ey
[N I I A N N (N N N N N N N U NN NN B
[ N AN N N N N D N DN D D DO D R N D

63




Chapter 4. Disassembly 4.1. Assembly

Figure 4.13: lllustration of how the magnets are lifted up against a conical shape and collected by a fibre covered magnetic
plate

This holder is handled manually by an employee who then moves the magnet to another area
for inspection, after which they are moved into a flamingo box. The flamingo box was also seen at
the assembly site and appeared to be made of a styrofoam like material that diminishes the effects
of the hot magnets. Once they are in the box, the magnets are taken to a furnace where they are
demagnetised.

After this process, they have to clean the magnets and the entire rotor house, which were
described to contain a variety of contamination. Examples included the presence of various fluids,
which could be a mixture of lubricants or cooling liquids, and small metal parts or rust, which can
destroy an entire rotor.

Throughout this entire process, no two magnetised magnets are allowed to be handled near
each other and only one magnet is moved at a time. It takes approximately two days to disassemble
the magnets from a single generator, meaning that the manual disassembly of the entire HKN
OWEF containing 69 OWTs would take at least 138 days, since the turbines are larger and contain
more magnets.
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4.2 | Demagnetisation concept

To demagnetise the magnets locally the permanent magnets need to be heated to the Curie tem-
perature, which can range from 310-400 °C as found in Table 3.6. This can be done by heating
a U shaped core via induction, henceforth referred to as a the core or conductor, as shown in
Figure 4.14, placing it against the magnet and transferring the heat via conduction. The concept
for demagnetisation and the associated principles of heat transfer are described in this chapter.

Figure 4.14: Induction heating through copper wires wrapped around a U shaped core.

4.2.1 | Theory

To understand how the magnets are thermally demagnetised, it is important to have a basic un-
derstanding of the heating principles applied. In this case a combination of induction heating is
used to transfer heat via conduction. Before going into more details on the designed concept, the
main principles of induction heating and heat transfer applied to the concept and its calculations
are explained.

4.2.11 | Induction heating

Induction is the heating of a heating of an electrically conductive material through electromag-
netic induction. When an alternating voltage passes through an induction coil, this produces an
alternating current (AC) flow. This produces a rapidly alternating magnetic field in its surroundings
that matches frequency of the current in the coil, which is characterised by magnetic flux, ®. A
basic figure of induction heating is shown in Figure 4.15.

When an electrically conducting work piece is placed inside the rapidly alternating magnetic
field, electric currents are produced inside the conductor. The current inside the conductor is
in the opposite direction of the applied magnetic field and are known as eddy currents. Heat is
induced in the work piece due to the alternating magnetic field by joule heating and magnetic
hysteresis.
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MAGNETIC FIELD

Figure 4.15: Basic diagram of the induction heating principle (RF Heating Consult, 2022)

Magnetic hysteresis only applies to magnetic metals that are below the Curie temperature, and
are heated by the friction caused by the changing direction of the imposed magnetic field. Joule
heating is related to the Joule Effect, which is the conversion of energy to heat in any electrically
conducting material when a current passes through it. When a current I [A] flows through a con-
ductor with resistance R [Q], the power is dissipated into the conductor. This is given by Equation
4.1.

Joule effect
P=Rx I? (4.1)

Due to the high frequency needed to induce the alternating magnetic field, the current density
in the work piece decreases deeper within the surface of the work piece because the eddy currents
are lower. This is also known as the skin effect, where the penetration depth, §, is the depth at
which the current density has dropped to 1/e. At higher frequencies, there is a lower penetration
depth whereas at lower frequencies there is a higher penetration depth. This is given by Equation
4.2, where p is the resistivity of the material in [Qm], f is the applied frequency [Hz] and u is the
magnetic permeability [Hm~1].

Penetration depth

5=,/2 (4.2)

The permeability is related to the constant pg = 47t x 107, which is the magnetic permeability
of a vacuum, and the relative permeability, u., of a material.

Magnetic permeability
1= HoKr (4.3)
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The magnetic intensity inside a work piece can be roughly calculated by
Magnetic field strength

NI
H=—t 4.4
L “4)

Induction heating is known for being highly controllable and reproducible, with short heating
times. As such, it is also possible to automate the process and avoid working with high tempera-
tures at the work place, since it heating a material from the inside. Nevertheless, is also important
to take into account heat losses from radiation and convection by the heated work pieces. There-
fore, induction systems often use insulation methods to decrease the power requisites.

The material of the work piece, size, desired temperature increase and time to reach that tem-
perature determine the power required. Materials with a higher resistivity heat more easily and
require less power, than those with a low resistivity. When it comes tot he size of the work piece,
itis important to consider the operating frequency of the induction heating system because of the
skin effect. Finally, there are also different types of coil geometry that can be used in the design
of an induction heating system.

4.2.1.2 | Heat transfer

To determine the power required to heat up the permanent magnet to the Curie temperature, the
energy required to heat the system needs to be calculated. The heat required to heat a body of
mass, m [kgl, is given by the total energy, Q [J]. This can be calculated by following Equation 4.5.

Energy to heat a system
Q = mcAT = mc(T1 — Tz) (45)

Where mis the mass [kg] of the material to be heated, c is the specific heat capacity [Jkg—1K~1]
of the material, AT [°C] is the change in temperature of the material such that T1>T,, where T, and
T, are either the initial and final temperature of the material. To calculate the heat flow through
the material, Q [Js—1] or [W], over a given time t [s], Equation 4.6 was used.

Heat flow

5 Q _me(Ti—T)
Q_T_ " (4.6)

Assuming a constant heat flow through a material, the temperature at two points of a wall can
be calculated using the thermal resistance to conduction of a material, Ry, [°CW~1], which is given
by Equation 4.7. Where L is the distance the of the heat transfer in [m], A is the contact surface
area in [m?] and k is the conductivity of the material in [Wm—1K~1].
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Thermal resistance

L
Rk = ﬁ (4.7)

The conduction of heat by a material is described by Fourier's Law of heat transfer shown
in Equation 4.8. Thermal conductivity, k [Wm~—1K~1], is a material property given by the rate of
energy flow per unit time across a unit area in the presence of a temperature gradient. The thermal
conductivity of a material changes with temperature, however for the purpose of simplification is
assumed to be constant in the subsequent calculations.

Fourier’s Law

dT

The temperature distribution through a plane wall by conduction with a constant thermal con-
ductivity, k, can be calculated using the thermal resistance R, change in temperature AT and heat
flow Q It is important to note that the conductivity is different for each material, therefore the
heat flow for each material section is calculated separately to give the temperatures at different
points.

Rate of heat flow through a wall

.1 kA

Q= E(Tl —T) = T(Tl —To) (4.9)

It should be noted that power P measured in [W] is equivalent to [Js~1] and can therefore be
calculated from Q such that Q = P for a given material. In theory on induction heating the power
of the coil Py [W] is related to the power of the work piece Pyorkpiece, in this case the conductor,
by Equation 4.10.

Power in coil

P .
Pcoil _ workpiece (4.10)
TNelMth
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4.2.2 | Concept design

The induction system for heating involves a set of copper wires, the coils, wrapped around a U
shaped work piece made of a conductive material, referred to as the core or conductor. When an
alternating current passes through the coils internal heat is generated in the core, which will then
spread through the core via conduction. Depending on the material of the conductor, heating will
be a combination of magnetic hysteresis and the joule effect or solely the latter.

Magnet ") _Magnet casing

Magnet casing  Permanent magnets Permanent magnets

Core,
conductor

Copper windings,
coil

/
/

Heat transfer

Copper windings, Core,
coil Conductor
(a) Perspective 1 (b) Perspective 2 including heat transfer.

Figure 4.16: Local thermal demagnetisation through induction heating

The core can then be placed against two casings that contain permanent magnets inside the
rotor as shown in Figures 4.16a and 4.16b. Due to the contact between the core and the casing
and the temperature gradient between the core and the casing, heat transfer via conduction will
take place between the core and the casing.

4.2.2.1 | Concept application

This system can be applied to the magnets by inserting the core from the top of the rotor and
lowering it down into the rotor against the desired magnet. As the inner stator and rotor brake
are removed prior to disassembly there is sufficient space to fit the core. A top view of how the
core would be positioned inside the rotor is shown in Figure 4.17.

The trolley system used to insert the magnets into the assembly can be used to conduct the
induction in an automated process. The trolley would have to be adapted to be able to hold the
induction system and position the core correctly against the magnet for a designated amount of
time. It can then move the induction block across the magnets in a controlled and automated way.

In terms of heat conduction there are many variables to take into account, such as the prop-
erties of the permanent magnet, its casing, the magnet assembly as well as the conductor and its
materials, shape and size. Factors such as the Curie temperature varies for different compositions
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Outer rotor

/Magnets

/

Place core against
magnets

/

Figure 4.17: Top view of local thermal demagnetisation through induction heating

of the permanent magnet, the presence of coatings, adhesives or an air gap in the magnet assem-
bly, the conductivity of the casing and conductor as well as the contact surface area will affect
how heat is transferred. These variables are discussed in Section 4.2.3.

As there are Il magnets spread over [l columns and B rows, the ideal situation would
be to replicate the core not only for both sides but also to heat multiple rows. Depending on the
power capacity and current required for induction, [l cores can be used concurrently to heat
multiple magnets. An example of how the cores can be duplicated and stacked on top of each
other to heat multiple rows is shown in Figure 4.18.

A maximum of ] cores can be used to heat up [l magnets on one side of the rotor, such that
a total of [l magnets can be heated up synchronously. If each trolley were to heat [l magnets at
once, that means each trolley would have to repeat the induction process [l times to demagnetise
all the magnets. However, if the cores are not stacked and each trolley only demagnetises two
magnets at once, then they have to demagnetise [l magnets at most.

4.2.2.2 | Practical aspects

In practice, when placing the system inside the generator assembly and demagnetising all the
magnets, there are multiple aspects that need to be accounted for such as polarity of the magnets,
order of demagnetisation and scalability. Since the magnets are placed against the inner walls
of the outer rotor, in large cylindrical shape, there will be a magnetic field inside the generator
assembly. The presence of the magnetic field will influence the behaviour of the demagnetised
magnets and the remaining magnets.
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Figure 4.18: Thermal demagnetisation of multiple magnets by utilising multiple cores for induction.

During assembly the magnets are installed one pole at a time, as a safety precaution and to
balance the magnetic field which prevents buckling and deformation of the outer rotor. At the
service and maintenance site, all the poles of one polarity are removed before the other polarity
is removed, while also alternating between opposing sides during removal. When one or more
magnets within the magnetic field are demagnetised this may affect the behaviour of the magnetic
field.

Removing magnets on one side or both poles at once can cause the magnetic field to become
unbalanced and result in safety hazards. For example, the study on the disassembly of permanent
magnets from electrical machines mentioned in Section 3.2.3 described magnets flying around.
From the interviews with experts in electromagnetism and permanent magnet machines Elmedin,
Paul, Jianning and Henk from SGRE, General Electric and TU Delft, it was clear that the exact
impacts are not precisely known at themoment.

As a first precaution, the induction system would have to be applied simultaneously on op-
posing sides of the rotors on the corresponding poles to account for the balance of the internal
magnetic field. The controllable nature of the induction heating system means the heating con-
cept of one core and coil can be duplicated and utilised to demagnetise the opposite side. The
two trolleys that also install the magnets on opposing sides can be used to execute the heating
process for demagnetisation on opposing sides.

The core in Figure 4.16 is the smallest possible size to contact two adjacent magnets that
have different polarities, as the magnet columns alternate in North and South facing magnets. In
practice, this is may not be preferable due to safety and buckling of the outer rotor, thus it is also
possible to either rotate the core or extend the core as shown in Figures 4.19a and 4.1%9b.

To transfer heat efficiently via conduction the contact area of the U shaped core needs to be
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(b) Extended core to contact every other magnet.

(a) Core rotated 90° to contact two magnets in the same col-
umn.

Figure 4.19: Alternative orientation for the core on the magnets

fully in contact with the permanent magnet. Since the outer rotor is circular, the rounding may
create a small angle between the core and the magnets. The advantage of the vertical core is that
it may be easier to ensure that the magnet is fully in contact with the magnet. The elongated U
shaped core would be more susceptible to the curvature of the rotor.

The cores in Figure 4.19a and 4.19b would have different geometries from the original core
concept, where the mass of Figure 4.19a would be 24.5% smaller and that of Figure 4.19b is
69.4% larger. The core in Figure 4.19a has 10mm less distance between the permanent magnets
in the vertical direction than in the horizontal direction, due to the presence of the slots, which
are assumed to be around llmm. The core in Figure 4.19b requires an elongation of at least [l
mm.

The vertical orientation of the core will require the cores to be stacked differently, such that
only [l cores would fitin one column. To heat more magnets, another stack of three on the alternate
column would need to be added. The elongated core can still stack ] cores to heat ] magnets,
but its larger size means that more mass that needs to be heated and more heat will be lost due to
the greater surface area by radiation and convection. This may also inadvertently heat the middle
column if heat is transported via radiation and convection.

In a broader context, the other advantage of the vertical orientation would be that it is less
sensitive to the curvature, such that it may also be applicable to permanent magnet generators
with different diameters. However, the size of the permanent magnets, casings and distance be-
tween rows may vary for different generator types. Thus the core would need to be optimised or
altered to accommodate different geometries.

Another critical consideration is the material of the core, which needs to be conductive. Based
on basic induction theory, a magnetic and conductive material is preferable due to combined heat-
ing via hysteresis losses and Joule heating. However, the additional heat from hysteresis losses
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only applies to materials that are magnetic, once a material loses its magnetic properties this is no
longer the case.

The aim is to heat the permanent magnet to the Curie temperature, which means that the
conductor will have to be heated above the desired temperature to transfer the heat. Therefore,
it can be assumed that the conductor will exceed the Curie temperature and also lose its magnetic
properties. Thus it is not necessarily preferable to use a magnetic material, the heat transfer would
rely predominantly on the material’'s conductivity.

Another aspect is the effect of using a magnetic material as a conductor in a highly magnetic
field. If the conductor were to be made of a magnetic material, it may be difficult to control
the movements and thus the positioning the core within the generator assembly. Additionally,
this may be unsafe as other magnetic materials are also not allowed near the generator assembly
on site, as mentioned during interviews with the SGRE representative. Therefore, it would be
undesirable to use a magnetic material inside the generator assembly as a conductor, unless it is
already heated beyond the Curie temperature and demagnetised itself.

4.2.2.3 | Disassembly aspects

The current concept aims to locally demagnetise the magnets inside the generator assembly with
an active magnetic field. Once a pair or group of magnets is demagnetised, it is possible that
the magnets may become re-magnetised due to the effects of its neighbouring magnets and the
presence of the magnetic field. Based on interviews with Jianning, Henk, Paul and Elmedin, this is
possible but it is unlikely that they will reach a magnetisation close to their original magnetisation.

From a high level theoretical perspective, magnetism arises from the alignment of of the mag-
netic domains within the material. If the material is exposed to a magnetic field above Hg, this may
cause the material to become re-magnetised. However, if a material is exposed to a temperature
beyond the Curie temperature, the thermal energy should disorient the domains sufficiently that
they will not re-align. The most magnetisation they might theoretically be able to regain would be
its remanence.

During the period of this study, there were no other sources found that could validate or pro-
vide any example of what would happen to the magnetisation after demagnetisation. The main
underlying consideration is whether the magnets should be disassembled when they are still hot,
directly after demagnetisation, or after all the magnets have been demagnetised and cooled down.

The disassembly of the magnets while they are hot, would minimise the potential effects of
re-magnetisation and ensure that they are fully demagnetised during their mechanical removal.
However, the removal of magnets while they are hot means that they need to be handled at
temperatures up to the Curie temperature, which ranges from 310-400°C, and stored somewhere
safe for cooling.

The study by Bahl et al. (2020), addresses the fact that magnets may not have to be fully
demagnetised in order to handle and remove them. It may still be possible to remove the magnets
with some remnant magnetisation, depending on the strength of the magnetisation. This means
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that there is an allowable remanence for the magnets to be handled, and realignment of magnetic
domains within a limit is acceptable. This also means the magnets would not have to be heated
all the way up to the Curie temperature exactly.

Another consideration that needs to be taken into account after thermal demagnetisation is
the thermal expansion of the materials based on the thermal expansion coefficients of the different
materials. If the magnets expand too much during heating it may not be possible to remove the
magnets while they are hot, and cooling is required for them to compress sufficiently for handling.

4.2.3 | Theoretical model

The concept design is highly theoretical and has not been tested. Moreover, exact data on the
material properties, such as geometry, conductivity, density, Curie temperature and so on, were
not available due to intellectual properties. Therefore, the technical feasibility was assessed with
rough calculations based on assumptions derived from the data collected throughout the study.

The rough calculations were done to provide estimates as to the heat flow, power required
and effects of different parameters. These calculations were made at a very high level to pro-
vide approximate insights as to what the energy requirements are and order of magnitudes for
temperatures that need to be reached. This would give an idea of whether or not the power and
temperature requirements are realistic and factors need to be considered.

To determine the power required to heat the permanent magnet to the Curie temperature the
heat flow was approached as a steady state conduction between composite walls. The approach
is highly simplified and mainly aimed to give an idea of what type of power might be needed and
the impacts of distinct variables on the power requirements. The simplified model used is shown
in Figure 4.20.

kcd kcd kc;s kp
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Figure 4.20: Diagram of how the heat transfer was calculated.

In the subsequent calculations, the basic core concept from Figure 4.16 is used as a starting
point. The conductor was split up into two sections, where the back section refers the the long
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section of the U around which the coil is wound. The front section is one of the two identical parts
that stick out from both ends of the back section as shown in Figure 4.21.
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x |
T T Te
>~ &N
Lcdb
I
T\, Lcda / l—p
Casing
= —
Permanent magnet
|(—_c)s
Ledb
X
\

Back section, cdb

Figure 4.21: lllustration of how the heat transfer was calculated in relation to the actual core concept and the corresponding
geometry.

4.2.3.1 | Assumptions

The assumed values for properties of the NdFeB permanent magnet were taken from Bahl et al.
(2020), as the study is one of the only ones that focused on demagnetising permanent magnets
from OWTs and on larger permanent magnets. The values used for different material properties
are found in Table 4.1, where Nd refers to NdFeB permanent magnets, 316 refers to 316-grade
steel alloy, Cu refers to a copper alloy and Al refers to an aluminum alloy from Kreith et al. (2010).
The calculations below assume that copper is the material used for the conductor.

The Curie temperature in literature ranges from 310-400°C, as seen in Table 3.6, while Bahl
et al. (2020) assumed it to be 300°C. Based on an insights shared by SGRE, the industry is aiming to
reduce the use of REEs in their permanent magnets, which in turn reduces the Curie temperature,
as these cause the resistance to temperature. A Curie temperature of 310 °C was considered
on the high side for permanent magnets in OWTs based on information provided by the case
company. To stay on the safe side for the calculations the estimate of 310°C was kept.

The mass the of the permanent magnets, casing and conductor were calculated by using their
geometry to determine the volume and their respective densities found in Table 4.1. The geometry
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Property Units Nd 316 Cu Al
Specific heat [ Jkg~ 1K1 460 500 410 833
Thermal conductivity kp Wm~IK- 7.6 163 83 164
Density Pp kgm—3 7500 8060 8600 2787
Relative permeability Hp - 1.05 - -
Curie temperature T, °C 310 - - -
Induction efficiency Ntot - - 0.45- 0.05- 0.35-

0.5 0.15 040

Table 4.1: Assumed values for the properties of CW OWT permanent magnets and conductor materials based on (Bahl
et al., 2020; Dallos, 2019; Kreith et al., 2010; Rudnev et al., 2017)

for the different parts are given in Table 4.2. The estimated density and geometry of the perma-
nent magnet and casing give an approximate mass of 6.5kg which is in line with the approximate
information provided by the case companies.

Part X [m] z [m] mass [kg]

Permanent magnet

Casing
Backplate
Frontplate mid
Frontplate front

Conductor (Copper)
Back section

Front section

Table 4.2: Approximated geometry of the permanent magnet, casing and conductor

The permanent magnet refers to the dimensions of a single magnet block. For ease of calcula-
tion the casing was split up into three sections, the back plate, the midsection of the front plate,
where the magnets are located, and the front of the front plate which is on top of the magnet. The
volume of the 6 magnets was deducted from the volume of the midsection during calculations.

In the simplified model, the corner of the core is approached by splitting the core into two
parts. Lga is the distance until the corner and L, is the distance of the edge of the back section
to the center of the core where the coil is as shown in Figure 4.21. This is done because there is
usually a shape factor, however this complicates the model and is therefore taken as a long straight
piece with two separate core sections, as shown in Figure 4.20.

This system does not take heat losses of the conductor or permanent due to the surrounding
through conduction to other magnets or convection and radiation in the air into account. The rest
of casing around the permanent magnet was also not included in the calculations. In addition,
the adhesives, coating or potential air gap between the permanent magnet and the casing are
considered negligible.

It was assumed that heat flow Q and surface area A is constant throughout the system, such
that T4 was determined using Equation 4.9, for conductivity k,, and length L,,/2. Using T4, T, was
calculated for conductivity kcs and length L, followed by the calculation of T3 and T4 in the same
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way. Next T4 was used to determine the energy required to heat the core to T4 using Equation
4.5,

In this model, the temperature of the permanent magnet is T at the back of the magnet, such
that Lyp = Il is the thickness of the magnet. The thickness of the front plate of the casing
against the magnet is Lcs = [JJllm, which is equal to the y measure of front plate front in Table
4.2. The length of the front section of the core is given by L.y, = Ill5m and the length of half of
the back section of the core is given by Leqp, = [IlIm.

4.2.3.2 | Calculations

For this calculation m = [lllllkg, the mass of [l permanent magnets inside a magnet casing, Ty is
the Curie temperature, T4 = T¢c = 310°C and T, is the ambient air temperature setat T, = T, =
20 °C. The energy required to heat the magnet to the Curie temperature was calculated to be Q,
= I < based on Equation 4.5.

The energy required to heat the permanent magnet to the Curie temperature, Q, = | IENzI:z:N /.
was used to calculate the heat flow, Qp, using Equation 4.6. Time taken to heat the permanent
magnets from ambient air temperature T, to the Curie temperature T¢, t,, is an unknown variable
in the heat flow equation and therefore needs to be set based on the desired heating time. The
heat flow, Qp, was calculated for different heating times starting with 60s and up to 300s at 60s
intervals and assumed to be constant throughout the material. The temperatures at different
points in the material, based on different heating times t, are shown in Table 4.3.

to[s] | Ti°Cl  TolCl  T4°Cl  T4l°Cl  Qegy [KJ]
60 [ ] [ ] [ ] | I
120 [ ] Hn ] [ [ ]
180 | | | ] I
240 | | | | I
300 | | | [ |

Table 4.3: Temperature calculated at different points the the material corresponding to Figure 4.20

Table 4.3 gives an idea of how the temperature at different points in the material varies through-
out the materials based on different heating times for t,. The shortest heating time t, = 60s gives
the highest temperature at the coil T4 = 527°C and the longest heating time t, = 300s gives the
lowest temperature at the coil T4 = 353°C. The higher the temperature at the coil T4, the higher
the energy needed to heat the back-section of the conductor Qcgp.

The different heating times for t, lead to different energy requirements Qcqy, to heat the back-
section of the conductor to T4. The energy required to heat the back-section of the conductor Qg
with mass mcpq to T4 from the ambient temperature T, was calculated using Equation 4.5. Where
the mass is taken over the entire length of the back-section rather than just half, as indicated in
purple in Figure 4.21. This is done because the entire mass will need to be heated to the desired
temperature, even if only one side is being considered in this model.
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Using the total energy to heat the back-section Q.qp, the power required to the conductor Py
and the power required to heat the coil P. [W] can be calculated. The power required to heat the
conductor P, depends on the time taken to heat the conductor t.4 [s]. Due to the larger mass of
the conductor, the range of t.4 set between 120s to 600s with 120s intervals.

From P, the power required to heat the coil P, was calculated based on a fixed assumed
thermal and electrical efficiency using Equation 4.10. The electrical and thermal efficiency of
the coil, ne and N, respectively, depend on various parameters for the coil and were therefore
simplified and approximated to a fixed total efficiency niot = Nemin = 80% x 80% = 64%. The
power requirements for varying t, and t.q, is given in Table 4.4.

Pc(tcans) [W]
to[s] | Pe(120s) P.(240s) Pc(360s) P.(480s) P.(600s)
60 . B B B e
120 B o E B B
180 Il B EE B
240 . B B B e
300 B B E B BB

Table 4.4: Power required for different heating times of the permanent magnet and conductor

Analogous to the heating of the permanent magnet, the shortest heating times t,, = 60s and
tean = 120s gives the highest power requirement P. = Il W, while the longest heating times
t, = 300s and tcgp = 600s gives the lowest power requirement P. = [l W. The relationship
between the power requirements for the permanent magnet and conductor and time taken to
heat them are shown in Figure 4.22.

Power dependence of heating times
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Figure 4.22: Plot of how the power required for heating varies with time taken to heat.

The blue line indicates the power required to heat the permanent magnet P, for a varying
heating times t,,, whereas the orange line indicates the power in the coil P, required to heat the
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back section of the conductor with varying heating times t.q,. There is an exponential relationship
between the power and time, where the gradient of the orange line is significantly steeper than
that of the permanent magnet. The range of P. is | EJJll \V compared to P, ranging from
I .

It is also clear that there is a trade-off between the time taken to heat the material and the
power required. For the permanent magnet, the gradient in the exponential graph becomes lower
after about t, = 120s, whereas this is around t.q, = 360s for the conductor. As time increases, the
power saved beyond these points become smaller with time due to the decreasing gradients.

4.2.3.3 | Variables

In the basic calculations the conductor was selected to be made of copper at a set efficiency of
64%. Nonetheless, it is also possible to select other materials for the conductor and take into
account their respective conversion efficiencies. The power required in the coil for conductors
made of different materials and their respective conversion efficiencies is plotted in Figure 4.23.

Power needed for different materials

200 - —— 316 grade steel
Copper alloy
175 Aluminium alloy

150 A
125
100 A

Power (kW)

100 200 300 400 500 600
Time (s)

Figure 4.23: Plot of how the power required for heating varies with the time taken for different conductor materials with
different conversion efficiencies.

The properties of the materials are found in Table 4.1, however since the efficiencies are not
known exactly the upper limit was chosen as the material would be selected based on the the
highest possible efficiency. When comparing the copper alloy with a lower efficiency of 15% in
contrast to the efficiency of 64% seen in Figure 4.22, it is evident that the induction efficiency
has a tremendous impact on the power requirements, raising the range for a copper conductor
from | G \V to to I \\. Steel with an efficiency of 50% has a range

of I \\, while aluminium has the lowest power range of | NI \V at an
efficiency of 40%.
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When t, = 120 and t.q, = 360s are fixed, and the conductor material is chosen to be aluminium
with a power efficiency of 40%, other variables such as the impact of the Curie temperature can
also be considered. The power required to heat the permanent magnet to T¢c = 310°C is P, =
Il \V for the above conditions.

Since, precise data on the composition of the permanent magnet is not available, the power
required for different Curie temperatures can be found for a range from 200°C up to 400°C. The
power required was found to vary linearly with an increasing Curie temperature, with a few values
shown in Table 4.5.

Tc[°Cl | Pc[W]
200 [
250 [ ]
300 [
350 [ |
400 [

Table 4.5: Power requirements for different Curie temperatures

The linear relationship gives a gradient of Il [W°C 1], meaning that the power required
increases with Il W for each degree increase of the Curie temperature. When plotting the
relationship for different heating times t.q, the gradient is steeper with shorter heating times and
flatter for longer heating times, as shown in Figure 4.24.

Power needed based on Curie Temperature
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Figure 4.24: Plot of the power required for different Curie temperatures.

The size of the conductor can also be varied to adjust the surface area that is in contact with the
magnet. This was done by changing the height of the conductor as shown in Figure 4.25, which
was set to be at least equivalent to the height of one permanent magnet block at [IIlllim and
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at most the height of the entire magnet at [JJlllim. The power was plotted against the changing
heights in Figure 4.26, where the x-axis was plotted in cm to make it easier to read.

Figure 4.25: lllustration of the different height of the conductor.

Power based on surface area
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Figure 4.26: Plot of the power required for different contact surface areas of the conductor with the magnet with a constant
mass.

Figure 4.26 shows that the power and area are exponentially related but with a milder curve
in contrast to the material selection in Figure 4.23. From a height of at least 0.075m upwards the
gradient of the curve gradually becomes flatter such that the surface area does not have a large
impact on the power usage anymore. The longer the heating time of the conductor t.q,, the more
dependent the power is on the surface area, where t 4y is a dominating factor. This is in line with
the pattern in Figure 4.22 and 4.24.

When the mass of the conductor also varies with the surface area the power and height of the
conductor are related as shown in Figure 4.27. This shows a linear relationship between the power
and area, where the power increases with an increasing surface area and thus also an increasing
conductor mass.
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Power basead on surface area
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Figure 4.27: Plot of the power required for different contact surface areas of the conductor with the magnet with a varying
mass.

4.2.3.4 | Disasembly time

Based on the calculations in this section, an approximation of the optimal time taken to heat the
magnet would be t, = 120s and that of the core would be t.q, = 360s. Using an aluminium core at
an efficiency of 40% to heat the magnet to T, = 310°C would require the power in the coil to be
P. = - W.

If it takes 2 days to disassemble a single OWT without demagnetisation, the disassembly of
the CW OWF would take 138 days in total. It would take [l hours to demagnetise all the magnets
if only ll magnets were heated at once | GG /"< < 2 additional Ills
was approximated for the time taken to move the core between positions such that the time taken
per magnet tiot = t, + 20 = 140s.

If | cores are stacked on top of each other on both sides of the rotor, ] magnets could be
heated simultaneously which would require [l movements of both of the trolleys. Using the same
tiot = s, the time taken to demagnetise the entire generator would be [l minutes. When
only [l cores are stacked for the vertical orientation in Figure 4.19a, the time taken would be [l
minutes.

If the disassembly time per magnet is assumed to take llls per magnet it would take an addi-
tional 6 hours in each case to disassemble the entire generator after demagnetisation. The short-
est possible disassembly time for an OWT generator including the demagnetisation would be 8
hours. This means that an entire OWF with 69 OWTs could be demagnetised and disassembled
in 23 days and could take up to 49 days if only 4 magnets are demagnetised at a time.
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4.3 | Summary of results

An overview of the results for the disassembly of the permanent magnets from OWTs can be found
in Table 4.6. The table provides and overview of the key findings from the site visit, disassembly
concept, the technical aspects and its variables.
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Key findings

Magnet assembly

. I permanent magnet blocks stacked on top of each other, exact properties such as Curie temperature, conduc-
tivity unknown

« Steel casing surrounding magnet hermetically sealed, unsure if there is an air gap in the casing

Generator assembly

o - magnets per generator over - columns with I rows of magnets inserted via slots

- Magnets can be North or South facing, NI NN NN 1 1 I I N NN I N

» Outer rotor can buckle or deform if exposed to unbalanced magnetic fields

Disassembly practice

» One magnet disassembled at a time, 2 days total per generator

» Assembly and magnets dirty after decommissioning, covered in liquids and dirt

Demagnetisation concept

» Induction heating of U shaped core combined with heat transfer via conduction
« Controllable, scalable and automatable
» Shape of core, dimensions, orientation, materials, magnetism, thermal conductivity and electrical resistivity

» Induction heating system design such as number of coils, coil diameter

Technical aspects

» Hot or cold removal of magnets, thermal expansion and re-magnetisation
« Effect of magnetic field on demagnetised magnets, re-magnetisation
» Required demagnetisation temperature, remanence

» Order of disassembly

Theoretical model

» Highly simplified steady state heat flow through a composite material

» Heat losses due to convection, radiation and conduction to surroundings

The rest of the casing and rotor assembly are not included

Variables

» Larger contact surface area gives better power
» Conductor material, conversion efficiencies of induction heating

» Power varies linearly with Curie temperature

Table 4.6: Overview of the comparison between recycling WEEE and OWT permanent magnets
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Discussion

5.1 | Interpretation of results

5.1.0.1 | Analysis of calculations

Looking at the results in Figure 4.22, it is clear that the power required in the coil is a lot more
sensitive to heating time than the permanent magnet. This is because the exponential curveis a lot
steeper, which also caused the range to be a lot greater. Therefore, when it comes to controlling
the power of the demagnetisation concept, setting the appropriate heating time for the conductor
is more important than the permanent magnet.

The reason the power is sensitive to the heating time is because the shorter the time given to
heat a material the more power is required to heat it in that time. As the conductor as a greater
mass a shorter time will affect it more than the permanent magnet of a smaller mass. From this
perspective it would be preferable to heat a smaller conductor to reduce the power required,
however this influences the contact surface area.

A larger contact surface area is preferred for heat transfer between two materials, as shown
in Figure 4.26, where the mass is constant. As the height of the conductor increases, so does the
area, where it can be seen that the power decreases with increasing area. In reality, only extending
the height would result in a larger mass, which can be seen in Figure 4.27. By comparing the two
graphs it is clear that while a larger contact surface area is preferred, the mass plays a larger role
in determining the power demand.

The power needed for different materials shown in Figure 4.23 indicated that aluminium is the
preferable choice as the conductor material. This is because the power required is the lowest of
the three options, which is primarily due to the induction heating efficiency, also referred to as
the conversion efficiency. Even though the efficiencies used were rough estimates, they have an
overarching effect on the power requirements.

For the induction heating system to be efficient, a material is preferred that has a high electric
resistivity such as steel. Copper and aluminium are less common because of their low electrical
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resistivity meaning that the heat created by the Joule effect due to resistance will dissipate and a
higher amount of power is needed to heat the material, which also relates to their high conduc-
tivity. As a result, they will take longer to heat and will necessitate more power to reach the same
temperature.

The heat generated by induction is only produced locally, thus heating up an entire material will
require the locally produced heat to spread via conduction. For the transfer of heat a conductive
material is preferable but for induction heating a material with a lower conductivity is preferable.
Although the model currently presents aluminium as the favourable conductor material, not all
aspects of induction heating were taken into account.

Aspects that were neglected include the skin effect, which would affect the heat flow through
the entire system if only the exterior of the core is heated. This means that heat transfer could
take significantly longer as conduction would take longer with a lower internal energy over the
same power input. As it was not modelled, it is unknown how the skin affect would have affected
the heat transfer through the conductor to the permanent magnet.

Another variable plotted against the power was the Curie temperature, which was given a
range from 200 - 400 °C~! and is shown in Figure 4.24. This is because the exact material prop-
erties of the NdFeB magnet are unknown and it is therefore interesting to see what the required
power would be for different Curie temperatures, where a few values can be seen in 4.5. The main
finding is that there is a linear relationship between the Curie temperature and power, where the
gradient gets steeper with decreasing heating times.

To reach a higher temperature it is logical that a larger amount of power is needed, however
it is interesting to see the gradient increase for the heating times. This in line with the results in
Figure 4.22, where the power ranges less with time as time increases, meaning that the shorter
the heating time the more sensitive the power is to other variables. This can also be seen in the
plot of the contact surface area with power in Figure 4.26. In both plots, the orange and green
line for t = 360 and 600s are substantially closer to each other than the blue line where t = 120s.

5.1.0.2 | Analysis of model

Overall, the orders of magnitude found for the power requirements and temperature gradients
of the model are realistic. Nonetheless, the design of an induction heating system is far more
complex than conveyed in the results. The simplified model does not go into the shape of the
conductor, distance of the coils to the conductor, number of windings, diameter of the coil, dis-
tance of windings to each other and so on.

Based on the model, it is possible that the induction and conduction heating concept could
work. However, the model is highly dependent on heat transfer through multiple materials across
different distances. This study only looked at one possible option for thermal demagnetisation
by combining induction with conduction. There are nonetheless, many other options that can be
considered such as direct induction where the induction coils are directly applied to the permanent
magnet.
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Although this was initially considered, the core concept developed was more tangible as it was
less dependent on in-depth knowledge of induction heating systems to develop. Direct heating via
induction could be a viable option that may have lower power losses as it can be directly applied
to the surface of the material. Additionally the material is highly magnetic and thus could benefit
from both Joule heating and hysteresis losses simultaneously. The only challenge could be the
skin effect as the heat may not penetrate to the core of the magnet.

The disassembly concept developed focuses on the demagnetisation of the permanent mag-
nets from the rotor before disassembly to decrease the disassembly time and improve the ease of
disassembly. If the concept can successfully heat the magnets in the given time then the disas-
sembly time of a generator could be improved from 2 days per generator to 8 hours such that an
entire OWF can be disassembled in 23-49 days.

It takes half a day to assemble an entire nacelle but it takes 2 days to disassembly just the
generator. This shows that the disassembly is significantly more challenging than the assembly and
could be faster. Seeing as half a day is 12 hours, it seems would that disassembly could be done
within 8 hours as disassembly is usually less precise. Looking at the assembly times in practice,
the calculated disassembly times could be realistic as they are not exceptionally fast compared to
assembly.

5.11 | Implications of results

The benefits of the concept is that it has many variables, such as the shape, materials and orien-
tation. Putting the core in a vertical position as seen in Figure 4.1%9a would be the orientation that
is most applicable to other generator diameters as well, since it is less sensitive to curvature and
more dependent on the height of the magnets and construction of the casing. As such, the vertical
position is likely the best orientation for the magnet from a efficiency and feasibility perspective.

From a scalability perspective, the sane core set-up can be applied throughout an entire OWF
but ideally could also be applied to different types of OWT. For this, the assumption would be that
most OWTs of the same magnitude have similar layouts and constructions, with small discrepan-
cies in the details. The nacelle visited at Cuxhaven for example was not the CW OWT but a pretty
much identical one, meaning the concept could be applicable to two OWF. Moreover, there is also
a possibility that the SGRE 6, 7, 8, 11 and 14 MW OWTs all follow similar structures. The numbers
mentioned during an interview with Elmedin who is experience in working with 6,7 and 8 MW
DD OWTs were of a similar scale of the CW OWT.

If the magnets could be demagnetised in such a way that they can be non-destructively dis-
assembled in a time efficient manner, this would have a positive impact on the recovery grade
of the recycled material. This could potentially accelerate the economic incentive to recycle and
disassemble permanent magnets, as it is currently still very labour intensive and time consum-
ing. Developing an automatable process for disassembly means that the industry can retrieve the
materials with less effort for a higher return on their investment.
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5.2 | Future research

The simplified basic model gives a first impression of the behaviour of the materials and the sen-
sitivity to various factors. The first step to improve this study would be to further develop the
theoretical model into a more detailed model that accounts for more thermal phenomena such
as heat loss due to convection, radiation and to the surrounding. At the same time, the time de-
pendence of various material properties could be taken into account to improve its accuracy. The
shape factor of the core and the adhesives and coatings inside the coating could also be included.
Moreover, obtaining the exact dimensions and properties of the materials would also increase the
accuracy.

There are many aspects of the induction heating system that can be optimised. The shape
for example was mentioned, but another consideration could also be a hollow core, which would
maximise surface area and minimise mass. This could also take into account the skin depth of
induction heating, although it is unsure how the material would behave as a hollow material might
be more susceptible to thermal expansion and deforming.

The model focuses on the fact that the permanent magnet has to reach the Curie temperature,
in accordance with most literature. According to a study by Bahl et al. (2020), it is not necessary to
reach the Curie temperature for 90% demagnetisation. Since this was not modelled or calculated
in this study, it should be noted as an important factor as the Curie temperature is one of the
leading variables in the thermal model used. Furthermore, it would be interesting to test what
percentage of demagnetisation is required for the magnets to be removable. This would entail that
the magnetic fields and forces need to be calculated along with the remanence after exposure to
a varying temperatures.

Another consideration is how long the permanent magnet has to stay at the Curie temperature
and whether or not this influences the demagnetisation. Bahl et al. (2020)’s study uses multiple
heating cycles and heats the magnet for up to 1 hour, although the demagnetisation does not
appear to be linked to the heating time but predominantly to the temperature. It unclear why the
material was heated in several cycles, possibly to control the heating as direct induction can work
relatively quickly.

This would be an advantage of the combination of induction and conduction, because the
temperature increase would be gradual and could be more controlled. Nonetheless, this cannot
be verified unless the model is further developed or tested in a lab. Another reason is also because
this subject and approach is new and combines materials science with electrical engineering, there
are not a lot of existing examples to build on. Therefore, a practical experiment would be the best
way to go from this point forward.

The best way to observe the behaviour of the materials would be to replicate the concept and
test it in real life. This could help verify whether or not it is technically feasible to heat up a U
shaped conductor with induction as well as whether or not sufficient heat can be transferred to
the permanent magnet in a casing. For the practical experiment, it would also be necessary to
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come up with a method to hold and position the core against the magnet, as this was not included
in the scope of the study. It is also likely that other barriers and factors may come to light when
trying to set-up the experiment, which would again provide more valuable insights.

5.2.1 | Alternative set-ups

There are also other possible ways to thermally demagnetise the permanent magnets that could be
explored. These are shown in Figure 5.1 and 5.2, which show a core with two sets of copper wind-
ings with the idea to combine induction heating and an opposing magnetic field to demagnetise
at a higher efficiency and an example of direct induction with the coils held close to the magnet
respectively. It should be noted that these ideas are merely concepts that arose in the process of
this study and that the theoretical basis of these ideas is not yet substantiated properly. It would
therefore be interesting to aslo consider alternative options for thermal demagnetisation.

Figure 5.1: Induction heating combined with an opposite magnetic field through two sets of copper wires wrapped around
a U shaped core.

Other areas worth exploring include complete thermal demagnetisation in a large furnace,
which was not included in this study due to the logistical challenges. It would be interesting to
determine the power requirements and time taken to heat up an entire structure and also insightful
as to how this could be realised logistically. The major disadvantage is that with the growing size
of OWTs, there may be a limit for which a large furnace is physically possible. Notwithstanding,
many DD OWTs that are being built or have been built recently are still under the dimensions of
the CW OWT, such that a method for complete thermal demagnetisation could also be applicable
to most earlier generation DD OWTs.

Besides thermal demagnetisation there is also the option of non-thermal demagnetisation with
an opposite magnetic field. This was not explored in much detail because this study focused on
the comparison to the WEEE recycling route, in which thermal demagnetisation is dominant. It is
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/ C\asing
Coils

Figure 5.2: Direct induction heating by placing coils near the permanent magnet.

possible that an opposite magnetic field for an OWT is possible, by for example using the inner
stator to generator the opposing field. This is another topic that would need additional attention.

5.3 | Recommendations and limitations

This study explored a completely new area of materials science, with a primary focus on disas-
sembly. The cross-section with magnetism and heat transfer, which do not necessarily fall directly
under materials science means that a lot of new knowledge had to be obtained from other fields.
On the one hand, this makes this study unique as it brings together three fields but on the other
hand, this limited the depth to which the study could for testing the theories.

Many of the topics raised in the future recommendations in Section ?? arose during the study
with people unable to answer the questions. From the materials science perspective thermal
demagnetisation for the disassembly of permanent magnets do not fall under their expertise, while
from an electrical engineering perspective this topic also does not fall under their expertise. For
this reason, there was a very limited amount of literature to consult and within the TU Delft, there
were only two professors that were somewhat knowledgeable on the topic.

This limitation also means that there is an opportunity for increased collaboration among aca-
demics across these scientific fields, which would be even better if they were able to work together
with the industry. The biggest challenge therein lies in the competition on the market which has
driven a very strict protection of intellectual property, which is one of the other limitations of this
study. This could also be an explanation as to why research on the most recent OWTs is very lim-
ited and why accurate and precise data on the properties and characteristics of OWTs are difficult
to find.
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Due to the high levels of confidentiality, this study was based on the information provided by
the case companies, collected from interviews and desk research. The site visit to Cuxhaven and
interviews with various employees at the case company provided invaluable insights and more
information than is publicly available. Nevertheless, specific quantitative data on dimensions, ma-
terials and other properties was omitted. Fortunately, this study consisted primarily of the devel-
opment of a concept for disassembly such that precise data was not crucial.

The study aimed to develop a new concept for the disassembly of permanent magnets from
OWTs through local thermal demagnetisation. As this is a very new field, this also means that
the concept had to be developed based on limited examples from literature and knowledge from
experts. Therefore, the concept should predominantly be perceived as a first step towards de-
magnetisation rather than an ideal solution.

Many assumptions were made in the development of this concept that need to be considered
due to the lack of available knowledge, such that it had to be developed from scratch. Throughout
the study, as many of the assumptions as possible have been explicitly described and mentioned.
However due to the cross-over of three fields, it is possible that there was insufficient knowledge
on a specific field to take a particular theory or principle into account that was not mentioned.
Nonetheless, each assumption made also provides and opportunity for future research as these
can be studied further and looked into in more detail.

It would have been ideal to get an actual permanent magnet from the case company to con-
duct an experiment and measure the properties. This was not possible due to time constraints and
confidentiality. A recommendation would be to allow future studies to use a real magnet as a sam-
ple to test the demagnetisation and the heating method for example. Since the heating method
used by Bahl et al. (2020) was relatively large in comparison to WEEE, but not necessarily repre-
sentative of a real magnet since it did not have a casing and was a single block whose dimensions
were also inconsistent with the dimensions for the CW OWT.

The aim of this study was to determine a disassembly method to enable the preferred recycling
route, which was state to be magnet-to-magnet. In this study the option for direct reuse was
eliminated, while there is a possibility that this is desirable in the future. Hogberg et al. (2017)
suggests a method for the direct reuse of rare earth permanent magnets through segmentation
into 200 smaller poles. For the CW OWT the permanent magnets are segmented in 6 blocks, it
is possible that trends will move towards smaller poles which could facilitate direct reuse, which
was not considered in this study.

It the future it might be possible that the permanent magnet design and assembly of OWTs
change or that permanent magnets may be eliminated all together, as a result of the industry’s
eagerness to move away from dependencies on CRMs such as REEs. While the concept may
be applicable to the current generation of OWTs, it is possible that it will only be relevant for
a limited amount of time. Regardless of the future developments, if the current production of
OWTs driven by permanent magnet generators, there should be sufficient incentive to recycle the
valuable materials.

As for the academic quality of the results, the model uses a very basic model for heat transfer
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across a composite material. To improve the academic quality a more advanced model could have
been made or the system could have been reproduced in a finite element modelling software
such as COMSOL or Ansys. Prior to the illustrations, SolidWorks was used to model the assembly,
unfortunately the program did not function properly and was therefore not imported to COMSOL.

5.4 | Conclusion

The research objective of this study was to determine how permanent magnets can be disassem-
bled from OWT generators to facilitate an efficient recycling process for the effective recovery of
REES based on the established WEEE recycling system.

From WEEE it is known that a higher degree of liberation of materials leads to a better qual-
ity recycled product. To achieve the best possible outcome for magnet-to-magnet recycling of
permanent magnets from OWTs they need to be extracted and separated from other materials
as much as possible. As such, disassembly is a critical factor for the liberation of the permanent
magnets in OWTs to enable magnet-to-magnet recycling.

An overview of the preferred recycling route is shown in Figure 5.3, which also include subse-
guent steps after disassembly, where the scope of this study is limited to focusing on the demag-
netisation and disassembly as they are the first steps that enable the subsequent steps.

Recovery process

] . Pre- End- | Material |
w Collection ‘ processing processing - recycling -m

Pre-processing End processing
Scope of study
isation -~ » Di bly » Separation » Decoating » Size reduction - > Refining
Local and Non-destructive Liberation of Removal of Shredding of Magnet to
thermal removal of permanent coating from magnet alloy magnet recycling
magnets from magnet from permanent
assembly casing magnet block

Figure 5.3: Overview of the preferred recycling route for permanent magnets from OWTs.

Based on the assembly and existing disassembly practices for permanent magnets from OWTs,
the biggest challenge is the fact that they are currently removed in a magnetised state. While this
is possible and common practice for permanent magnets in WEEE, it is evident that the process
is tedious and complex for larger permanent magnets. Due to the difference in magnet volume
and quantity per product in comparison to WEEE, the magnetic forces between the magnets and
effects of the magnet field in the assembly need to be taken into consideration during disassembly.
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Permanent magnets from WEEE are usually thermally demagnetised after disassembly and size
reduction in a furnace. Thermal demagnetisation is preferred over non-thermal because heating
the magnet above the Curie temperature is independent of the direction of the magnetic field,
shape or size. Local thermal demagnetisation provides a flexible heating option that can be ap-
plied to magnets across the entire generator and has the lease logistical challenges. As such, a
combination of thermal and local demagnetisation would be preferable.

Due to the presence of a vast amount of electrical components in the OWT nacelles, a com-
parison to WEEE seemed like a valuable approach to study the recycling and disassembly of the
permanent magnets from OWTs. In hindsight however, the disassembly concept itself is not re-
lated to any WEEE process and more time could have been spend on the magnetism and heating
aspects rather than the comparison with WEEE. Nevertheless, WEEE was an important starting
point in identifying the research topic and substantiating the preferred recycling route.

To disassemble the magnets from OWT generators in a non-destructive manner a concept for
local thermal demagnetisation was developed. A U shaped core with a copper winding could be
heated via induction and placed against the magnets to transfer heat via conduction, as shown in
Figure 5.4. By controlling the power in the coil, the temperature in the core and to the magnet
can be controlled.

Figure 5.4: Induction heating through copper wires wrapped around a U shaped core.

This demagnetisation concept can be automated and scaled by using the trolleys that are al-
ready in place at the assembly site which can insert multiple cores from the top down into the
rotor assembly. To keep the magnetic field of the rotor assembly in balance, all the poles of one
polarity need to be disassembled first by alternating columns and alternating between opposing
sides. To demagnetise multiple magnets simultaneously the core concept can be stacked as shown
in Figure 5.5.

Due to the polarity of the magnets, the ideal orientation of the cores would be vertical as shown
in Figure 5.6. This means that 6 magnets can be demagnetised per column and 12 magnets can
be demagnetised at once, when adding in the opposing side, which can then make 96 rotations
to demagnetise the entire assembly in less than four hours.

To determine the power required to heat the magnets to the Curie temperature and the ef-
fect of different variables on the demagnetisation concept, a simplified model was constructed.
From the model, it was evident that the time taken to heat the conductor had the largest influ-
ence over the power requisites of the system. The material chosen for the conductor also had a
strong impact on the power, where the aluminium alloy was found to be the most effective. The
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Figure 5.5: Thermal demagnetisation of multiple magnets by utilising multiple cores for induction.

Figure 5.6: Core rotated 90° to contact two magnets in the same column.

power requirements also depended on the contact surface area of the conductor, the mass of the
conductor and the Curie temperature.

After the permanent magnet is demagnetised the magnets can be removed from the assembly
when they are either hot or cold. The advantage of removing the magnets when they are hot
is that they are completely demagnetised and not susceptible to re-magnetisation during their
movements. On the other hand, the thermal expansion of the magnet may cause the magnets to
expand within the slots, making it difficult to get them out.

If the magnets are to cool first, the magnets may be subjected to re-magnetisation due to
the surrounding magnetic field of the rotor assembly. Moreover, the remanence may also cause
forces to act between the magnet and the rotor assembly. However, the extent to which re-
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magnetisation and remanence hinder the actual disassembly process is something that could be
studied as this would also determine whether ore not it is a prerequisite for the magnet to reach
the Curie temperature to be disassembled.

Prior to developing this concept it was unexpected that the field of magnetism, materials and
heat transfer would come together so closely, which appear to be segregated in the academic
world. There were many interesting phenomena that could have been interesting from a materials
science perspective, such as magneto crystalline anisotropy, that could also have provided insights
into demagnetisation. However, since the combinations of these fields appeared to be fairly new,
the model and concept had to be developed at a very level. Nevertheless, there is potential to
dive into the the crystallographic structure of materials and the magnetic domains to see how
they come together.

As a result of this high level approach, many effect and factors were neglected and should be
taken into consideration in future studies. Due to the lack of literature and knowledge on this field
the best place to start for a successive study be through practical experimentation, to determine
whether the concept is at all feasible before spending time getting into the precise details.

This concept provides a first approach to local thermal demagnetisation to enable the disas-
sembly of permanent magnets from OWTs but is also very limited to demonstrating just one of
the many possibilities for demagnetisation or disassembly. Alternative options such as direct in-
duction, combined thermal and non-thermal techniques or complete thermal demagnetisation in
an industrial furnace could be explored.

In the long term the goal is to maintain resources for as long as possible towards a circular
economy, therefore other options than recycling such as direct reuse should also be considered.
For direct reuse, thermal demagnetisation would not be preferred due to its irreversible nature
and thus other solutions for mechanical disassembly of non-thermal demagnetisation should be
considered. However, all of the proposed solutions are concocted based on a fixed design.

Ideally, the permanent magnet generators should move towards design for disassembly with
the challenges found in this study in mind. How can the design of the generator and the assem-
bly, or the design of the magnet facilitate the disassembly and enable an efficient recycling route?
Design parameters should take into account whether the magnets can be moved while magne-
tised and if not, how the design can accommodate the thermal expansion caused by heating for
example.

This study aimed to provide a solution as to how the permanent magnets can be disassembled
from the generator of an OWT to enable their efficient recycling. This can be done by local thermal
demagnetisation using a U shaped core heated by induction, such that the heat is transferred by
conduction. All in all it is only one solution to the bigger picture to reduce the environmental
impacts of OWTs and retain the value and reduce the exhaustion of REEs, such that circular design
principles may stimulate an entirely different direction such as direct reuse rather than recycling.
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A.1 | Properties database

import numpy as np

from matplotlib import pyplot as plt

"""Define functions"""

def volume (x,y,z):

return x * y * z

T_amb = 293

nun

Set material properties

nun

#304 Steel
rho_304 = 7817
k_304 14.4
c_304 = 461

#316 Steel
rho_316 = 8060
k_316 = 16.3
c_316 500
n_316 0.5

#NdFeB Magnet
rho_nd = 7500
k_nd = 7.6
c_nd = 460
Tc_nd = 583

Python

# [K]

# [kgm~-3]
# [Wm~-1K~-1]
# [Jkg~-1K~-1]

# [kgm~-3]
# [Wm~-1K~-1]
# [Jkg~-1K~-1]

# [kgm~-3]
# [Wm~-1K~-1]

# [Jkg~-1K~-1]
# [K]
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A.1. Properties database

#Copper alloy
rho_cu = 8600
k_cu = 83
c_cu = 410
n_cu = 0.15

#Aluminium alloy
rho_al = 2787

k_al = 164
c_al = 833
n_al = 0.4

Set properties of the

#Permanent magnets"

x_p = 0.055
y_p = 0.014
z_p = 0.025

V_p = volume(x_p, y_p,

rho_p = rho_nd
k_p = k_nd

c_p = c_nd

m_p = V_p * rho_p
Tc_p = Tc_nd

#Magnet casing"

x_cs = 0.055
y_cs = 0.014
z_cs = 0.220

rho_cs = rho_304
k_cs = k_304
c_cs = c_304

# [kgm~-3]
# [Wm~-1K~-1]
# [Jkg~-1K~-1]

# [kgm~-3]
# [Wm~-1K~-1]
# [Jkg~-1K~-1]

components

[m]
[m]
[m]
[m~3]

H OH ®H OH

z_p)

[kgm~-3]
[Wm~-1K~-1]
[Jkg~-1K~-1]
[Kgl

[K]

* O OH OH H

# [m]
[m]
# [m]

# [kgm~-3]
# [Wm~-1K~-1]
# [Jkg~-1K~-1]

#Conductor material properties"

#Part A: Front section in contact with casing

x_cda = 0.055 # [m]
y_cda = 0.050 # [m]
z_cda = 0.220 # [m]
V_cda = x_cda * y_cda * z_cda # [m~3]

98



Appendix A. Python A.1. Properties database

82

83 #Part B: Back section being heated via induction

84 x_cdb = 0.135 # [m]
85 y_cdb = 0.050 # [m]
86 z_cdb = 0.220 # [m]
87 V_cdb = x_cdb * y_cdb * z_cdb # [m~3]
88

89 A_cd = x_cda * z_cda # [m~2]
90 V_cd = 2*V_cda + V_cdb # [m~3]
91

92

93 # Number of permanent magnets per casing

94 N_p = 6

95 m_ptot = N_p * m_p # [kgl
96 V_ptot = N_p * V_p # [m~3]
97

98 #Calculate geometry of magnet casing

99 #Part A: Backplate

100 x_csa = 0.125 # [m]
101 y_csa = 0.007 # [m]
102 z_csa = z_cs # [m]
103 V_csa = x_csa * y_csa * z_csa # [m~3]
104

105 #Part B: Frontplate midsection

106 x_csb = 0.115 # [m]
107 y_csb = 0.014 # [m]
108 z_csb = z_cs # [m]
109 V_csb = (x_csb * y_csb * z_csb) - V_ptot # [m~3]
110

111 #Part C: Frontplate topsection

112 x_csc = 0.095 # [m]
113 y_csc = 0.014 # [m]
114 z_csc = z_cs # [m]
115 V_csc = X_cSC * y_cSC * zZ_cSc # [m~3]
116

117 # Total geometry of casing

118 V_cstot = V_csa + V_csb + V_csc # [m~3]
119 m_cstot = V_cstot * rho_cs # [kgl
120 m_pcstot = m_ptot + m_cstot # [kgl
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A.2. Variable Curie temperature

A.2 | Variable Curie temperature

# -x- coding: utf-8 -x*-

Created on

Sat Aug 13 15:30:07 2022

Qauthor: FayDeWaal

nun

import propertiesl

from propertiesl import =*

import pandas as pd

import numpy as np

from matplotlib import pyplot as plt

# Mass calculations of materials

#print ("Mass magnets per casing:", round(m_ptot,3), "kg")

#print ("Mass casing without magnets:",

#print ("Mass casing with magnets:", round(m_pcstot,3),

# print("Q_p:", round(Q_p * 10%x*(-3),3), "kJ")

# Time taken to heat up the permanent magnets

def curie(Tc_min,Tc_max,t):

# Energy required to heat all 6 permanent magnets

Tc_p =

np.linspace(Tc_min, Tc_max, Tc_max-Tc_min+1)

Q_p = m_p * c_p * (Tc_p - T_amb)

# Surface area of the conductor against the magnet

A = A_cd
#[Jm~-2]
# Heat flow calculations for the permanent magnets
# Rate of heat transfer per second
Qd_p = Q_p / t
# Rate of heat transfer per area:
q-p = Q_p / A
# Heat flow per area per second:
qd_p = Q_p / (A * t)
# print("t:", t, "s")

100

round (m_cstot ,3),

"kg")
"kg")

#[J]

#[m~2]

#[Js~-11]

#[JIm~-2]

#[Im~-2s~-1]
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A.2. Variable Curie temperature

"Js~-1 or W")

print ("Qd_p:", round(Qd_p,3),
print ("q_p:", round(q_p * 10*x*x(-3)),
print ("qgd_p:", round(gd_p * 10*x(-3)),

"kJm~-2")

"kJm~-2")

# Assume heat flow (Qd) through the material is constant

# print ("Tc_p:", round(Tc_p - 273),

k_cd = k_al
c_cd = c_al

rho_cd = rho_al

m_cda V_cda * rho_cd
m_cdb = V_cdb * rho_cd
m_cd = V_cd * rho_cd

o)

# [Kgl
# [Kgl
# [Kg]

# Calculate thermal resistance of permanent magnet

#L_p is the depth the heat needs to penetrate, we want to reach the curcie

temperature at the core of the magnet

Lp=y_p
R_p k.p * A/ L_p

# Temperature at the face of the magnet

T_1 = Qd_p / R_p + Tc_p

# print("T_1:", round(T_1-273),

# Calculate thermal resistance of casing

L_cs = y_cs
R_cs = k_cs * A / L_cs

nem)

# Temperature at the face of the casing

T_2 = Qd_p / R_cs + T_1

# print("T_2:", round(T_2-273),

"C")

# [m]
# [WK~-1]

# [K]

# [m]

# [WK~-1]

# [K]

# Calculate thermal resistance of conductor material part A

L_cda = y_cda
R_cda = k_cd * A / L_cda
~-1]

# Temperature at the back edge of part A

T_3 = Qd_p / R_cda + T_2

# print("T_3:", round(T_3-273),

IICII)

# [m]
# [WK

# [K]

# Calculate thermal resistance of conductor material part B

L_cdb = x_cdb
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95 R_cdb = k_cd * A / L_cdb # [WK
~-1]
96
97 # Temperature at the back edge of part A
98 T_4 = Qd_p / R_cdb + T_3 # [K]
99
100 # print ("T_4:", round(T_4-273), "C")
101
102
103 # Energy required to heat conductor material
104
105 Q_cdb = m_cdb * c_cd * (T_4 - T_amb) #[J]
106
107 # print("Q_cdb:", round(Q_cdb * 10**(-3),3), "kJ")
108
109 # Time taken to heat up the conductor material
110 ti = 360 #[s]
111
112 # Heat flow calculations for the inductor
113
114 # Rate of heat transfer per second
115 Qd_i = Q_cdb / ti #[Js~-1]
116 # Rate of heat transfer per area:
117 q_i = Q_cdb / A #[Jm~-2]
118 # Heat flow per area per second:
119 qd_i = Q_cdb / (A * ti) #[Jm~-2s"-1]
120
121 # print("ti:", ti, "s")
122 # print("Qd_i:", round(Qd_i,3), "Js~-1 or W")
123 # print("q_i:", round(q_i * 10*x*(-3)), "kJm~-2")
124 # print("qd_i:", round(qd_i * 10**(-3)), "kJm~-2")
125
126 # Power needed in the coil
127
128 #Thermal and electrical efficiency
129
130 # n_el = 0.8
131 #n_th = 0.7
132
133 n = n_al
134 # print("n_i:", round(n_i,3), "%")
135
136 P_.i = Qd_i / n #[Js~-1]
137
138 # For the plot
139 Tc_pl = Tc_p -273
# 4]
140 P_i1 = P_i * 10 *x* (-3) #[w]
141
142 return Tc_pl, P_il
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A.2. Variable Curie temperature

Tc_pl, P_il = curie (473, 673, 60)
Tc_p2, P_i2 = curie (473, 673, 120)
Tc_p3, P_i3 = curie (473, 673, 180)

#print ("P_i:", round(P_i2(110),3), "Js~-1 or W")

plt.
plt.
plt.
plt.
plt.
plt
plt.
plt.
plt.

Time

Time

plot (Tc_pl,P_il, label = ’Time = 60s’)
plot(Tc_p2,P_i2, label = ’Time = 120s’)
plot(Tc_p3,P_i3, label = ’Time 180s7?)

title ("Power needed based on Curie Temperature")
xlabel ("Temperature [C]")

.ylabel ("Power (kW)")

legend ()
savefig(’curietempl.png’)
show ()

= pd.DataFrame ({’Temp [C]’: Tc_p2, ’Power [W]’:

.to_excel("curiel.xlsx")
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