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Preface

The TU Delft has created a Design Synthesis Exercise (DSE) in order to give the students more project experience in
designing. It is the task of the project group to fulfil the requirements of the DSE and come to the best design. This
is the final report and it contains the results of the DSE, along with the explanation of the main design decisions. For
more technical information and trade-offs the reader should consult the appendices.

This DSE is based on the Project Guide Design Synthesis Exercise 2013-2014 by N. Timmer [1] and this file is used as
the main reference for this document. The deliverables of the project were adjusted in agreement to this document,
instead of the general requirements of the DSE.

We would like to thank our tutor and coaches, Nando Timmer, Daphne Stam and Weiling Zheng for their guidance
and help. Furthermore we would like to thank the British Antarctic Survey for making their wind and temperature
data and reports on geology freely available.

DSE Group 20
June, 2014
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Summary

This report presents the results of the design phase of the DSE Spring 2014 of the TU Delft. The mission statement of
this project is stated as: The DSE group of the TU Delft will design a wind energy system to meet the power demand
of the Signy Research Station in a sustainable way.

Signy Research station has been occupied since 1947 at which mainly biological research is performed. The island
has been declared an important bird area and may not be disturbed in any situations. The research centre on Signy
Island is located at the waterfront. It therefore has a maritime climate in the summer, but a continental climate in
the winter, due to icing of the surrounding water. The temperature varies between -38 ◦C and 10 ◦C, with winds
reaching speeds up to 58 m/s mainly from a Southern direction.

The main configuration that was deemed to be the optimum design of the wind turbines given the Antarctic envi-
ronment and energy purpose was found to be the horizontal axis wind turbine (HAWT). The HAWT design is a lift
driven device and as such the most commonly implemented wind turbine system around the world. The main designed
system components of the wind energy system designated for Signy Island can be defined as the wind turbines, the
battery system and the back-up system.

Based on an intensive analysis, the total amount of required power is estimated to be 50 kW which will be produced by
3 turbines each producing 17 kW. For each turbine, the main components of the rotor, nacelle and tower are designed
where the largest attention is put on the most risky components. The designed wind turbine is a variable pitch/variable
speed downwind oriented turbine with a diameter of 8.8 m. The airfoil shaped rotor blades have an optimum twist and
chord distribution and are internally supported by stiffening elements which are able to withstand all forces exerted on
the blades. The blades are made out of a hybrid composites using flax and bio-based epoxy. The rotation of the blades
is converted into electrical energy by use of the shaft and a permanent magnet direct drive generator cooled with a
passive cooling system. These parts are protected from the environment by a nacelle housing which creates the least
amount of drag. The bedplate made of highly recyclable steel alloys transfers the loads of the other components into the
tower. A tapered 8.8 m tower is supporting the complete rotor and is designed in such a way that it can handle all load
cases. A rock anchor foundation fixes the wind energy system to the ground with 8 anchors with a length of 2 m. The
wind turbine design was subjected to fatigue and vibrational analysis as well as an intensive verification and validation.

By adding special features to the turbine, the system is suited to the Antarctic environment. The bird impact is
minimized by using one solid black blade and two blank blades to reduce the effects of motion smear. To account
for the extremely low Antarctic temperatures, an electric pulse de-icing system is implemented to keep the blades
free from ice formation. Due to the height of the wind turbines they are vulnerable to the effects of direct lightning
strikes which is dealt with by installing a lightning system. The design is completed by adding sensors used to provide
environmental and operational information.

The batteries, back-up electrical generation system and cabling are vital in the provision of power from the system
electrical system to the research station. Lead acid batteries with a capacity of 1600 kWh are selected as energy storage
system. In case of emergency, the currently present Diesel generator will be used as back-up system which is advised
to be replaced in the future by a hydrogen fuel cell system to have a complete zero emission imago. Through the use
insulated of cables, the produced energy will be transported to the research station with a power loss smaller than 3 %.

Sustainability, environmental impact and cost have been the driving criteria while setting up the manufacturing,
transportation and erection plan. Also, the operational aspect of the wind turbine system, as well as the maintenance
and logistics has to comply with these aspects. The turbines can only be maintained once a year and are inoperative
during the whole winter period.

The electricity cost of the wind energy system designed for the Signy station is estimated to be 0.1402 e/kWh using
the total project cost and the annual energy production. Since the energy system is not assumed to make profit and
benefits from the high wind conditions, the price per kWh is rather low compared to the competitors available on the
market.
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Nomenclature

α Angle of attack [◦]
β Twist angle [◦]
γ Rotational position of the blade [◦]
γf Load safety factor [-]
γm Material safety factor [-]
θ Pitch angle [◦]
θT Optimum twist angle [◦]
θP,0 Blade pitch angle at the tip [◦]
λ Tip speed ratio [-]
ρ Density [kg/m3]
σ Normal stress [N/m2]
σd Design stress [N/m2]
φ Flow angle [◦]
Ω,ω Rotational speed [rad/s]
ωn Natural frequency [rad/s]
A Area [m2]
AEP Annual energy production [kW ]
a Axial induced factor [-]
a′ Tangential induced factor [-]
B Number of blades [-]
b Width of skin between consecutive

booms [m]
Cd Drag force coefficient [-]
Cl Lift force coefficient [-]
Cn Normal force coefficient [-]
CP Power coefficient [-]
Ct Tangential force coefficient [-]
c Drag constant [-]
F Prandtl tip loss factor [-]
f(V ) Probability of a certain wind speed

[-]

fK Ultimate strength [Pa]
G Shear modulus [Pa]
I Moment of inertia [Kg.m2]; Breaking

time
J Second moment of inertia [m4]
Kn Southwell coefficient [-]
Kt Stiffness of the shaft [Pa]
Kx,y,z Curvature about principal axis [m−1]
l Length [m]
M Moment of force [N.m]
m Mass [kg]
N Number of blades [-]
ni Counted number of fatigue cycles [-]
P Power output [kW ]
Pd Power Demand[kW ]
Q Torque[N.m]
q Shear flow [N/m]
R Radius [m]
Rc Resistance per meter [Ω/m]
si Stress level associated with counted cy-

cles
T Trust [N ]; Braking torque [N.m]
Td Design life of the turbine [s]
t Thickness [m]
uz Tip deflection [m]
V Voltage [V ]
V0 Wind velocity [m/s]
Vin Cut-in speed [m/s]
Vout Cut-out speed [m/s]
W Weight [kg]
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1.Introduction

The Antarctic region, covering twenty percent of the Southern Hemisphere, is a priceless asset to the world with
its unique wildlife and can provide great insight for all those studying climate change and the climate systems of the
Earth. The Arctic regions are very important for regulating the climate and sea level rise, as they hold a huge reservoir
of water. Due to its importance, thousands of scientists and supporting staff live and work in research stations at
various locations in Antarctica. One of these research stations is the Signy Research Station located on Signy Island.
The station has been occupied since 1947 and mainly biological research is performed. For the research operations, a
proper energy source is required.

The objective of the Design Synthesis Exercise (DSE) of the TU Delft is to design an Antarctic wind energy system to
power the Signy Research Station, controlled by the British Antarctic Survey (BAS), in an environmentally friendly
way and by withstanding the harsh climate of Antarctica. The final wind turbine system design, named Windpulse,
is presented in this report.

In Chapter 2, an analysis of the environment is done, which plays an important role in the design process of the wind
turbine. It covers the topography, climate, temperature, wind, elevation, wildlife and flora of Signy Island. In Chapter
3, the requirements are checked with a compliance matrix and the functions of the system are evaluated. In Chapter 4,
an update to the contingency management plan is presented. In Chapter 5, the design options considered, the power
rating, number of turbines and the location and configuration of the wind turbines system are covered. In Chapter
6, the project and system risks and its consequences are discussed. In Chapter 7, the sensitivity analysis of the wind
turbines system is presented. In Chapter 8, environmental solutions regarding icing of the blades and bird impact are
described. In Chapter 9, the power control as well as the directional rotation control systems are covered. In Chapter
10, 11 and 12, the rotor blade design, nacelle design and tower and foundation design are dealt with, respectively. In
Chapter 13, the fatigue characteristics and vibration characteristics of the system are described. In Chapter 14, the
verification and validation procedures for the rotor, nacelle and tower design are covered. In Chapter 15, the energy
supply system consisting of the battery system, back-up system and grid connection cabling are described. In Chapter
16, the system communication and hardware and software interfaces are presented. In Chapter 17, the manufacturing,
transportation and erection plans are covered. Once the turbine is erected, it can start its operational lifetime. In
Chapter 18, the operations, maintenance and logistics are discussed. In Chapter 19, the sustainability implementation
and impact on the environment, including the carbon footprint of the system are presented. In Chapter 20, the
electricity cost and project costs are described. In Chapter 21, the market analysis and comparison with equivalent
wind energy systems are presented. In Chapter 22, the project design and development logic are discussed, covering
which steps need to be taken in the future to finalise this wind energy system design.
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2.Environmental Analysis

In order to design a wind energy system designated to provide energy for a research station comparable to the size of
the Signy Research Station at Signy Island of the British Antarctic Survey (BAS), environmental aspects need to be
taken into account. In Section 2.1 the topography of Signy Island is described. Section 2.2 covers general information
on the climate at Signy Island. The wind speed and directions are elaborated upon in Section 2.3. The elevation of
the island is discussed in Section 2.4. Section 2.5 deals with the ground characteristics. The wildlife and flora are
discussed in Section 2.6 and Section 2.7, respectively.

2.1 Topography

Signy Island is an island of the South Orkney Islands, within the Antarctic region, situated in the South Atlantic
Ocean. The South Orkney Islands lie on the southern limb of the Scotia Ridge. Signy Island is located at a latitude
of 60°43’ S and a longitude of 45°37’ W. Figure 2.1 presents a map of a part of Antarctica and a closer view on the
South Orkney Islands where Signy Island is located. The red square and orange square represent the Signy Research
Station on Signy Island controlled by Great Britain and the Orcadas Base on Laurie Island controlled by Argentinia,
respectively. Laurie Island is not covered by this project. Signy Research Station is located in Factory Cove, Borge
Bay, close to the waterfront where the surface is characterised by a rock bottom.

Figure 2.1: Map of part of Antarctica and the South Orkney Islands

2.2 Climate and Temperature

Signy is usually covered with ice and attached to the continent of Antarctica by ice. This makes the climate more
continental than if it was not connected. Signy deals with strong winters with low temperatures and clear skies. The
brightest sunniest days occur in November and December with increased levels of UV light. The summer is from
November to March. The high icy plateaus on the island remain even in high summer times when the climate of Signy
becomes more a maritime climate and the ice packs retreat. Low clouds cover the sky and cause frequent, but no
heavy rainfall. Since Signy lies north of the Antarctic circle, it is never subjected to 24 hour days or nights. The Sun
is below the horizon for a minimum of 4-5 hours at midsummer. [30]

Temperature data is obtained from the British Antarctic Survey Signy Research Station [31]. This research station
has been a summer only station since 1996 [32]. The wind energy system to be designed is meant to provide energy the
year around. Thus the temperature, and the humidity determine what external conditions the wind energy system has
to survive. Therefore the temperature variation for the entire year is needed. This temperature data is only available
before 1996, when the station was occupied the entire year. For the most accurate data every hour of the day for
an entire year the temperature data is measured and covers the years 1992, 1993, 1994 and 1995. The represented
temperature data below is the average dry-bulb temperature. Dry-bulb temperature is the measured air temperature
by a thermometer which should be shielded from sources of radiant heat. It is considered the most direct measurement
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of air temperature. [33] Figure 2.2 shows the average temperatures per month between 1992 and 1995. The maximum
average temperature is reached in summer in February and in December. A significant drop in temperature occurs
in midwinter. The absolute maximum and minimum temperatures are found in Table 2.1. The variance in average
temperature for each month for the years 1992 to 1995 is shown in Figure 2.3. There is a large variance in average
temperatures, from 1.6 ◦C in January to 9.0 ◦C in September. In the wind energy design, a sufficient safety factor
needs to be incorporated regarding maximum and minimum temperature, due to the large variations in temperature.

Figure 2.2: Average temperature Signy Island at the
research station between 1992 and 1995

Figure 2.3: Variance in average temperature Signy
Island at the research station between 1992 and 1995

2.3 Wind Resource

The wind data is also obtained from the British Antarctic Survey Signy Research Station and covers the years 1992,
1993, 1994 and 1995 for the same reasons mentioned above. The average wind directions and the average wind speeds
of every month of the year have been plotted for the four subsequent years. From Figure 2.4 it can be seen that
the wind directions vary between south, south-east and west direction. Zero degrees in Figure 2.4 is defined as wind
coming from the north. Figure 2.5 shows that Signy is extremely windy. The averages vary between 10 m/s and 23
m/s. The magnitudes of the extreme wind speeds are found in Table 2.1. The average wind speed taken over each
year is slightly increasing with time. The extreme winds in November 1995 have a large contribution to this trend.
However, since it is data of only over 4 years, this trend may not be existing.

Figure 2.4: Average wind direction Signy Island at
the research station between 1992 and 1995

Figure 2.5: Average wind speed Signy Island at the
research station between 1992 and 1995

Table 2.1: Maximum and minimum temperatures and maximum and average wind speeds for 1992-1995

Year Maximum tem-
perature in ◦C

Minimum tem-
perature in ◦C

Maximum wind
speed in m/s

Average wind
speed in m/s

1992 10 -28 51 13.7
1993 10 -27 49 14.5
1994 10 -37 58 14.4
1995 8 -38 56 16.4
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2.4 Elevation

Signy Island covers an area of 19.9 km2. The island stretches 6.4 km north to south and 4.8 km along the southern
coast. The highest peak on the island, Tioga Hill, reaches a height of 276 m. Other summits rise to a height of over
245 m. The hill tops are generally flat or gently convex. The main upland part forms a plateau covered with a thin
layer of permanent ice. Around the coasts of Signy Island there is lowland, with an elevation generally lower than
30 m above sea-level. At the north-western part of the island the terrain consists of drift-covered slopes below 90 m.
Offshore rocks and small islets lower than 20 m above sea-level are characteristic for the west coast. [34]

A detailed overview of the elevation of Signy Island is shown in Figure 2.6a and the elevation map of the area surround-
ing the Signy Research Station is shown in Figure 2.6b, both obtained from the Antarctic Digital Database (ADD).
The values in the maps are given in meters. Each line starting at the coast indicates an increase in elevation of 10 m.
Where the lines are closer to each other, the landscape is characterised by steeper slopes. The Signy Research Station
is represented with the red square.

The elevation at the Signy Research Station is of special importance, since the wind energy system will be placed
relatively close to the station. Placing the wind energy system far away from the station would increase the length
of the cable that transports the energy to the station and thus the costs. Also, it would have a negative influence on
the maintainability and transportation of the system due to the hills that summit land inwards of the station and the
remoteness of the land in general. From Figure 2.6b it can be seen that the area surrounding Signy Research Station
is relatively flat. The elevation increases when going land inwards.

(a) Elevation map of Signy Islands

Borge Bay

Factory Cove

(b) Elevation map near station

Figure 2.6: Elevation map of Signy Island according to the Antarctic Digital Database (ADD) with a 10 m accuracy

2.5 Ground Characteristics

An overview of the rock bottom on Signy Island is shown in Figure 2.7a and the rock map of the area surrounding
the Signy Research Station is shown in Figure 2.7b, both obtained from the Antarctic Digital Database (ADD). The
Signy Research Station is again represented with the red square. The brown area indicates the shallow rock bottom.
The white area indicates the ice cap, where sometimes the rock bottom protrudes the ice cap. Signy Research Station
is located near the coast in Borge Bay on a rock bottom. This is convenient for the foundation design of the wind
energy system, since the ice cap is subjected to movement while the rock bottom is stagnant.

Over one-third of Signy Island is covered with a permanent ice cap. The solid rock floor protrudes through the ice cap,
since it is a thin cap. There is relatively little movement between the two main glaciers, the Orwell Glacier and the
McLeod Glacier due to small drainage basins. Most ice tongues that drain the central plateau are relatively stagnant.
The lowlands, where Signy Research Station is located, are ice-free during summer. During winter there can be a layer
of ice of over 1 m near the research station. The rocks exposed on the island are quartz-mica-schists, amphibolites
and marbles.

Quartz-mica-schist is a highly anisotropic metamorphic rock. Landslides occur in schistose rocks due to the inherent
weak nature of the schistose planes. This presents geotechnical challenges in construction projects. The anisotropic
strength and deformation properties of the rocks need to be taken into account for a safe and reliable design. The
properties of the quartz-mica-schist would introduce a challenge in the foundation design. Luckily these rocks mainly
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(a) Rock map of Signy Islands

Factory Cove

Borge Bay

(b) Rock map of area near station

Figure 2.7: Rock map Signy Islands according to the Antarctic Digital Database (ADD)

form the bottom of Signy Island in the south-west and south-east, and not in east where the station is located. The
amphibolites form the rock bottom in the ice-free part of the central plateau of the island. Outcrops of marble are
present at the west and east side of the island, west from Borge Bay, as well as on higher grounds in the north.
Amphibolites are dominant in the rock bottom of the area near Signy Research Station at Factory Cove. Therefore, it
is important to have a comprehensive understanding of the characteristics and properties of amphibolites. [34], [35], [36]

The ground beneath the sea close to the station at Factory Cove consists of sand and gravel [37]. The rock bottom
above sea-level is mainly characterised by amphibolite. Amphibolite is a metamorphic rock. Metamorphic rocks are
shaped by pressure, heat and chemical processes while buried deep in the Earth’s surface. Amphibolites have a density
of approximately 3.0 g/cm3 and a porosity of 2.0%. The compressive strength is 250 MPa [38]. Amphibolite has a
high hardness and is therefore suitable as structural foundation. [39]

2.6 Wildlife

Marine predators are the dominant inhabitants of Signy. Penguins cover the largest population of the seabirds. The
Gentoo, Ad´lie and Chinstrap penguin breed on the island in such extensive colonies that the island is identified as
an Important Bird Area (IBA) by Birdlife International. There are twelve other species that breed on Signy and there
are a number of species observed that breed on islands nearby. The main predator of the penguin is the seal, of which
there are over 20,000 on Signy Island. The only seal that pups on Signy is the Elephant seal. The Weddell seals pup
on the sea-ice and other species of seal are observed on the ice floes to hunt penguins. Large number of fish are found
near Signy. The underwater habitats consist of both hard and soft bottom areas. Amphipods, anemones, sea squirts,
tube worms, brachipods, limpets, starfish, sponges and sea cucumbers are especially common. One type of insect that
can survive the freezing is the wingless fly. It was accidentally brought to Signy and it has spread to an area of over
7500 m2 and occurs in densities of up to several thousand per m2. [30]

2.7 Flora

Mosses, liverworts and lichen cover large surfaces of the Signy Island. The mosses mostly occur on the lowlands and
may become 2 m thick and over 5000 years old. Fur seals have destroyed large parts of the moss banks where it is
replaced by green algae. The two types of flowering plants are the Antarctic hairgrass and the Antarctic pearlwort.
[30] All flora and fauna are protected by the protocol on Environmental Protection to the Antarctic Treaty and
environmental impact should be kept at a minimum. [40]
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3.Requirements & Functional Evaluation

In this chapter the requirement analysis and functional evaluation, realised in the baseline report, will be summarised.
The functional evaluation was used to understand what is expected of the system to be designed and can be found in
Section 3.1. A requirement analysis was performed in order to make sure the requirements of all the stakeholders are
met when the design is finished and can be found in Section 3.2.

3.1 Functional Evaluation

The functional evaluation has a top-level perspective. It only treats the functions of the system. It does not, how-
ever, provide or hint to a specific solution. For the functional break-down structure and the functional flow diagrams
depicting this chapter, the reader is referred to Appendix A. The high level functions including brief expansions are
stated below.

Provide Energy: The ultimate goal of the system is to provide energy to the station and is thus the top level of
the functional evaluation. To achieve this goal the systems should be able to produce energy, withstand loads, store
energy and transport energy.

1. Energy Production: Within this function both the extraction and conversion of energy from wind to electrical
power as well as the control flow of the energy produced is encompassed.

(a) Extract Energy: In order to produce energy, firstly it is necessary to extract energy of the wind.

(b) Convert Energy: The system must be able to convert the extracted wind energy into electrical energy.

(c) Control Energy Production: The production of energy must be a controllable process in order to keep the
production between acceptable limits.

2. Withstand Loads: The structure has to withstand the loads originated by its aerodynamic functions and
wind interactions but also from other external and internal loads grouped under the ”Non-Aerodynamic Loads”
heading.

(a) Withstand Aerodynamic Loads: The structure should be able to withstand aerodynamic loads created by
both pressure differentials and vibrations caused by the rotation of the blades.

i. Withstand Pressure Loads: The system must withstand loads created by the pressure differentials.

ii. Withstand Aerodynamic Vibrations: The system must be able to withstand vibrations caused by the
movement of the system that is created by its aerodynamic functions and interaction with the wind.

(b) Withstand Non-Aerodynamic Loads: The system must be able to support and withstand all non-aerodynamic
loads, including but not limited to structural impacts, structural weight and weather.

i. Control for Structural Safety: The system must have a means of control to ensure structural integrity
from possible failure threats and allow for safe execution of possible maintenance tasks.

ii. Withstand Non-Weather Impacts: The structure has to withstand or prevent impacts caused by wildlife
such as birds.

iii. Support Weight: The structure should support the weight of the entire system.

iv. Withstand Weather: The system must be able to withstand the effects of all forms of weather that it
will be exposed to in its environment.

A. Prevent Corrosion: The system must not allow corrosion to instigate failure.

B. Support Weight Increase: The system must be able to support the possible increases and fluctua-
tions of weight caused by ice and precipitation build up.

C. Withstand Precipitation Impacts: The system should be able to withstand precipitation impacts
such as hail, ice pellets, and graupel.

D. Withstand Temperature Changes: The system must be able to withstand both quasi-static com-
pression and expansion effects, such as thermal coefficient differences between materials, but also
possible dynamic effects such as fatigue growth due to temperature changes.

v. Withstand Non-Aerodynamic Induced Vibrations: The system has to be able to withstand non-aerodynamic
induced vibrations, within/induced by mechanical components, and within/induced by electrical com-
ponents.
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3. Store Energy: The energy should be gathered in a storage system and regulated.

4. Transport Energy: To provide electrical power to the station, the electrical energy should be transported from
the system that produces energy to the storage and from the storage to the station.

(a) Transport to Storage: The system must enable transport of energy from point of creation to the storage
system.

(b) Transport from Storage: The system must enable transport of energy from the storage system to the station.

3.2 Requirement Analysis

Before determining the stakeholders of the project, first its mission station is repeated: The DSE group of the TU
Delft will design a wind energy system to meet the power demand of the Signy Research Station in a sustainable way.
All requirements are used to realise this mission.

3.2.1 Stakeholders

The client was defined as the British Arctic Survey (BAS) of the British Government which recognises the Arctic
Treaty Party. This treaty party, of which it is stakeholder itself, sets rules and guidelines for activities on Antarctica.
Other environmental agencies, such as Greenpeace are also considered stakeholders. In addition the researchers also
have vested interests in Antarctica. But the project also has consequences to the research community as a whole,
because it facilitates the research and its outcomes on Signy Island. Finally, possible investors and the support team,
taking care of the maintenance, are considered stakeholders to the project.

3.2.2 Requirements

Using requirements discovery trees, see Appendix A.3, all necessary requirements are captured. A dichotomy was
made between technical requirements and constraining requirements. For the full list of requirements, the reader is
referred to to Appendix A.4. In this section only the driving and killer requirements are stated. For the requirement
compliance matrix, see Appendix A.5.

Driving Requirements

� REQ-CO-4: The wind energy system shall leave no visible trace above the surface of the Antarctic continent
after its end-of-life.

� REQ-CO-5: A waste management plan shall be constructed for the entire life cycle of the wind energy system.

� REQ-CO-6: The wind energy system shall have a carbon footprint with a CO2 equivalent smaller than the
current power system averaged over its entire life cycle.

� REQ-TE-1: The wind energy system shall be able to continuously meet the power demand of the Signy
Research Station.

� REQ-TE-12: The wind energy system shall have an energy storage system capable of providing power at 65%
of the average power for three consecutive days.

� REQ-TE-15: The maintenance of the wind energy system shall be limited to one major session per year.

Killer Requirements

� REQ-CO-3: The wind energy system shall adhere to the legal constraints and regulations imposed by the
Protocol on Environmental Protection to the Antarctic Treaty.

� REQ-CO-7: The total cost of the wind energy system shall not exceed e 500, 000, excluding battery systems.

� REQ-TE-2: The structure shall withstand the aerodynamic loads obtained at an average wind speed of 15
m/s with gusts of maximum 75 m/s during its entire lifetime.

� REQ-TE-3: The structure shall withstand a temperature range of minimum -50◦ and maximum 20◦ during
its entire lifetime.
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4.Contingency Management

In the beginning of the project a contingency management plan was presented. In this report an update will be given
and it will be shown that a sufficient margin is left for further development. The contingency plan was focused on
schedule and resource monitoring. It followed the planning of the Gantt chart (see Appendix B) of the project plan,
as requirement REQ-CO-8 states.

4.1 Schedule Monitoring

It was chosen before to use a simplified version of Earned Value Management (EVM). This entails comparing planned
deliverables versus received deliverables during the project. This was done on daily bases at the end of every working
day. The Gantt chart in Appendix B was used as a guidance for the planning. No significant problems were encountered
with this planning. Most of the time the group was on schedule and therefore had more time for writing the report.
Also, the required time for each task fitted well in the planned time. Only little extra time outside the scheduled hours
was needed to meet the deadlines thanks to an efficient working environment and good communication.

4.2 Resource Monitoring

Due to the multi-component nature of the system and interconnected properties of the components, a simplified Tech-
nical Performance Measurement (TPM) was chosen as a monitoring system of the resources. The only two resources
leading to multiple iterations were mass and thrust. The other resources could be implemented more easily.

Mass: The mass of the subsystems was the main driver of iteration between the subcomponents of the turbine. In
Figure 4.1a the development of this parameter can be seen. It can be seen that the mass was predicted too high in
the beginning. Mainly, because most of the available reference data was focused on larger turbines. In week 7 it was
discovered that a safety factor of 10 was needed to comply with fatigue requirements. The mass of the foundation is
excluded from the mass contingency management, since it did not show fluctuations.

Drag: The drag is the horizontal force acting on the tower. The force is dependent on the rotor diameter and the
size of the nacelle. Optimisations have been performed, resulting in a decreasing drag force, see Figure 4.1b. Thrust
was also considered but was found to be negligible in comparison.

Power Generation: As can be seen in Figure 4.1c the power was most of the time quite stable. In the beginning
it was not yet decided that the required power would be divided between three turbines. In the last weeks the effect
of the cables and yaw system was included, showing a decrease in power.

Fatigue Characteristics: The fatigue characteristics were not taken into account the first weeks of the project.
After an analysis on this was done, it was concluded that a safety factor of 10 was needed to comply with constraints.
This resulted in a higher mass of the structure.

Maintainability: All parts were designed while taking maintainability into account. No iterations were needed to
improve maintainability.

(a) Contingency mass (b) Contingency thrust (c) Contingency power

Figure 4.1: Contingency progress during project
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5.Lay-out Wind Energy System

Since Signy Island is one of the most windy locations in the world, the free available wind is a perfect source to
base the energy production on to power the research station. Wind energy systems appear in different shapes and
configurations. By performing a trade-off, a base design is selected on which the whole design process is established
in Section 5.1. Additionally in Section 5.2, the final power rating and the amount of energy producing systems are
discussed. Finally, the main subsystems are shortly introduced together with their relative location with respect to
each other in Section 5.3.

5.1 Base Design

After detailed design trade-off, the configuration selected to operate within the hostile Antarctic environment was that
of a horizontal axis wind turbine (HAWT). The HAWT design selected is a lift driven device and as such is the most
commonly implemented wind turbine system around the world [41] [42]. This configuration was deemed to be the
optimum design given the environmental conditions and defeated vertical lift,vertical drag designs, airborne turbines
and jet engine turbine configurations in the detailed trade-off phase. The trade-off table can be found in Appendix C.1.

Figure 5.1: Horizontal
axis wind turbine [2]

Figure 5.2: Airborne
turbine [3]

Figure 5.3: Vertical
axis wind turbine [4]

Figure 5.4: Jet engine
turbine [5]

In terms of feasibility and reliability the HAWT was seen as the best choice of all the options. This was because
the HAWT design has already been successfully implemented in Antarctica and has been applied numerous times in
various configurations all around the world [41] [42] [43]. Due to the wealth of experience associated with this design
being implemented on such a vast scale, in addition to the steady refinement of design methodology within the wind
energy sector, the HAWT is deemed to be the safest choice in terms of reliability. Furthermore in terms of size, the
HAWT design leads to a smaller design solution than equivalent power drag driven devices. This is due to having a
higher maximum theoretical efficiency. Only the airborne and jet engine devices can be seen as being capable of being
made smaller due to the higher wind speeds which they can experience. However, such devices are considered to be in
the experimental phase and as such performed significantly worse in terms of reliability, feasibility and maintainability.
Moreover in terms of maintainability of the system, the HAWT is seen to perform well. This is because maintenance
check procedures have been well established for such systems due to the large scale implementation of the technology.
The vertical axis systems are considered more easily checked as they tend to have their generators on the ground.
However such designs have had greater fatigue concerns [44]. In terms of costs, the HAWT is seen to be the best
due to its wide scale production, benefiting from the experience curve resulting in a reduction of cost each year [45].
Finally, in terms of sustainability and environmental concerns the vertical axis systems are seen to produce less noise
than the HAWT system. However due to noise naturally caused by the large wind speeds found at the Signy location
this is not seen as a prohibitive factor [46]. Also the HAWT is seen to have a relatively low carbon footprint due to
the refined manufacturing processes associated with it as stated above.

In conclusion the lift driven HAWT system was taken to form the basis of the design with further configuration changes
applied during the detailed design of the turbine as described in preceding chapters. An overview of the complete
turbine set-up along with vital subsystems is shown in Appendix C.
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5.2 Power Rating & Number of Turbines

The design of the wind energy system to provide power to the Signy Research Station is intensively influenced by
the required power rating and the number of turbines. Therefore, it is important to make a good estimation at the
beginning of the design. In this section, the obtained power rating will be discussed followed by the selection of the
number of turbines.

5.2.1 Power Rating

Currently the Signy station is only operative during summer and has a capacity of 8 persons. However, in the future
the station can be expanded to accommodate more people and become operative during the whole year. The wind
energy system will thus be sized considering the future perspective. Combining the reference stations and the current
installed and used power, an initial estimate of the required wind power is made to be 50 kW taking into account losses.

Different research stations spread over the whole Antarctic continent are investigated. The installed power of the
Belgian, Great-Britain, German and Australian station are used to make the power estimation for the Signy station.
The installed power varies from 100 to 250 kW and is shown in Appendix C.3. The electrical load of the equipment
is coupled to a seasonal and daily occupation. Additionally, the loading is also influenced by the station size and
the present number of crew members. The more researchers occupying the station, the more power is needed to be
produced. The recently built Belgian station is of special interest for this project mainly based on its size and zero
emission strategy, and thus serves as one of the major references. 100 kW of power is installed for a maximum crew
size of 48 persons. The reference scientific polar station Princess Elisabeth Antarctica, became operative in 2009. The
station is the first polar base that combines eco-friendly generation unit, clean and efficient energy use and optimisa-
tion of the station’s energy consumption. Two renewable sources, solar and wind, provide the zero emission Princess
Elisabeth Antarctica station of free energy.

Figure 5.5 shows a typical weekly load profile during a manned period of the current existing Signy Research Station
measured at 30 second intervals. It displays the power consumption corresponding to a crew size of 8 persons. It is
clear that large fluctuations are present between the intervals. However, the general behaviour displays 7 clear highs
and lows corresponding to day and night. The average loading can be estimated to be around 17 kW . The British
Antarctic Survey is contacted regarding the actual power demand and the installed power at the Signy station. The
Signy station is currently powered by a 40 kW Diesel generator of which 75% is used during normal operations.

Figure 5.5: Typical weekly load profile in kW of the Signy Research Station measured at 30 second intervals [6]

5.2.2 Number of Turbines

The estimated power of 50 kW can be produced by one large turbine or by multiple small turbines. For this project,
it turned out that 3 turbines each producing 17 kW is preferred based on reference Antarctic research stations and a
exerted trade-off.

In Appendix C.3, the total power, number of turbines and the power produced by one turbine is shown in a summary
table for multiple reference research stations. For the smaller research centres generally smaller wind turbines are used
than for the large stations. The power produced by one turbine lies between 6 and 30 kW . From the trade-off, it
came out that 3 turbines is a great balance. The selection of number of turbines is supported by the following factors:
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� Redundancy: A maximum of 17.5 kW can be missed resulting in a minimum of 65% of the rated power. This
cannot exceed the power that can be lost if one turbine is not operating.

� Maintenance: When using multiple turbines, more and smaller parts should be inspected during each main-
tenance session. However, the components of the turbines are more easily accessible when utilising smaller
systems.

� Manufacturing: More material is required when multiple turbines are used. This results in a more costly
and less sustainable design. However smaller machining tools, such as molds and autoclaves, are required to
manufacture the parts.

� Transportation: A large system would require complicated transportation. When using three turbines, a
standard container can be used.

� Installation: When choosing a single turbine, only one turbine has to be installed. However, small systems
need less technology to assemble.

� Electrical Components: For each turbine, electrical parts are required. These parts are costly, even small
power components.

5.3 Location & Configuration

When considering the wind energy system designed for Signy Island, the various system components can be defined as
the wind turbines, the condition monitoring system, the battery system, the research station and the back-up system.
In the subsequent chapters of the report these subcomponents will be handled. The placement of the various energy
subsystems effects how the components interact with each other and the environment, both during construction and
normal operations. The location of the system components relative to each other can be seen in Figure 5.6.

Figure 5.6: Wind energy system location

The research station is directly connected to the battery and the back-up system, with the electrical configuration.
The battery system, determined in Section 15.1, is placed in an isolated room located 5 m away from the research
station. The back-up diesel generator, found in Section 15.2, is also placed at a distance of 5 m from both the research
station and the monitoring system. Due the noise requirement found in Section 19.3 the turbines are placed 70 m
from the research station. In order for the turbines to independently operate and to not negatively interfere with
each other they are placed at a distance of 44 m apart, 5 times the radius of the turbines. [47] [48] [49] The turbines
are situated to the south of the research station. This is because to the east of the station the land available spans
less then the required distance, thus violating the noise requirement. Furthermore, the station is situated on a north
facing coast and as such there is no landmass further north where the turbines can be placed. Finally, to the west of
the station there is a steep hill, making placing turbines on there impractical for construction reasons. In addition,
placing the turbines on top of the hill would increase the required cable length and thus increase the costs and the
power losses, it would decrease the structural safety of the cable if placed going up and down the steep side of the
hill and would interfere more with the environment due to the extra cable and insulation placement across the island.
In addition as the wind generally comes from the south, south-east and south-west directions, as expanded in Section
2.3, placing the wind turbines south of the station allows for the spectrum of the wind directions to be captured by
the energy system.
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6.Technical Risk Assessment Plan

In order to fully evaluate if a design is a suitable system solution, designs must also be assessed on the various risks that
are imposed due to their specific implementation. The definition risk can be defined as the uncertainty of attaining
a specific goal or requirement” [50]. Risk can also be seen to stem from the interaction of the likelihood of failure
and the severity/consequence of a given failure, which can be represented visually in the form of a risk map. The
likelihood of failure relates to the probability that a given concept or component will fail, which generally related with
the level of maturity of the given technology, while the severity of failure is seen as how a given failure type effects the
mission requirements. It must be noted when making a risk analysis, that maintainability possibilities of the system
should also be considered. In this chapter, the technical risks of the wind energy system will be discussed. Section 6.1
encompasses a discussion of the possible process and system risks, followed subsequently by Section 6.2 on system and
environmental consequence of a failure. The chapter is concluded by a quantitative visualisation of the risk analysis
in the form of a risk map. This chapter in conjunction with subsequent chapters on manufacturing (Chapter 17) and
the power control characteristics of the system(Chapter 9) cohesively form the Reliability Availability Manufacturing
and Safety (RAMS) of the wind turbine system design.

6.1 Process and System Risks

The risks which may occur during the lifetime of the wind energy system can be categorised in process or system
risks. The process risks contain the production, transportation, assembly and maintenance. In the system risks, the
likelihood of failure for the wind energy system components are discussed.

6.1.1 Process Risks

During the entire life-time of the wind energy system, different processes have to be performed which each consist
of risks. The risks corresponding to the production, transportation, assembly and maintenance of the turbine are
discussed below.

� Production Risks: During manufacturing, production lines/methods should minimise the risks to the system,
such as through the minimisation of production defects. Although risks will always be present, it is assumed
that production risks will be higher for concepts that have not yet been produced, unless concepts have specific
production risk advantages within their design. It should also be noted that different components will differ in
production risks simply because designs will have limited options for production technique they are able to utilise
due to geometry and/or materials selected. For the tower and nacelle structural elements, it is of vital importance
during the alloying process that the material meets the required chemical composition with low levels of residual
elements otherwise the structural performance will be lower than required in the cold climate. Due to the hand
lay-up process used in producing the blades, special attention must be focused on the placement of the lay-up
for correct fibre orientation in order to create an omnidirectional composite. Even slight misalignment of the
lay-ups will result in drastic loss of material properties leading to failure of the components. Furthermore during
resin application ensuring that no voids are created is again of vital importance for the structural performance
of the composite.

� Transportation Risks: Considering the size and weight of the system, the transportation is an important
part of getting the system operational. Transportation risks include the possible vibrations induced into the
parts and the damage that can be caused from the various transfer of parts during transportation. As the
various subcomponents are shipped in large vessels, induced vibrations are unlikely to be a problem. The most
problematic segments of transportation are the loading and off loading of components. This is especially true
when considering off loading the components onto the final smaller work boat where damage from knocks may
occur if the waters are not calm or the attention of the crew members lapses during the process. Furthermore due
to the smaller nature of the workboat as compared to the larger ships used for transportation, induced vibrations
can become more of a problem and as such special care must be taken with bounding the tower components.

� Assembly Risks: Once the parts are in Antarctica they need to be assembled. The assembly process adds
risks to the system itself. Such risks include possible crack formations, deformations, or even complete failure
of parts if extremely complex system assembly processes are needed. As the vertical gin pole tower raising
system is used for erection, special care must be taken so as not to induce loads on the system which will
cause permanent deformations and as such lead to sub par performance or failure of the system during normal
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operations. The risks included in using such a system include the possibilities that the tower is not adequately
supported during raising. Furthermore erection and assembly should be avoided during times of adverse weather
conditions, such as storms, however such risks are still present if there are sudden gust of winds during planned
assembly operations.

� Maintenance Risks: These include all risks to the system, be it to the electrical systems, structural compo-
nents, or any other components, due to the execution of maintenance tasks. These risks increase with increasing
complexity of maintenance tasks and the frequency at which these maintenance tasks must be carried out. There
is a risk that major system components can be damaged during maintenance if maintenance is carried out care-
lessly or in adverse weather conditions, and as such must be planned and carried out with extreme care. Such
risks carry significant burden as they can results in damage of parts which cannot be replaced until subsequent
maintenance activities and as such result in large turbine downtime.

6.1.2 System risks

The likelihood of failure for the system components can be seen in Figure 6.1 with a discussion of values found below.
The reader is advised to refer to Appendix D for additional discussions on risks.

Figure 6.1: Annual failure frequency of wind turbine system

The values shown in Figure 6.1 are estimated using multiple sources of wind turbine failure rate data combined with
extrapolations for the given wind turbine design [51] [52] [53] [54] [55]. The values are adapted in order to more
accurately reflect the size of the wind turbine in question as many sources give indications for larger wind turbines
where failure rates are higher [56]. In addition, due to the reduced complexity of using a passive yaw system, the rate
of failure of the yaw mechanism is considered lower than that of traditional active yaw systems. Moreover as a direct
drive system is used, greatly reducing the complexity of the drive train, a lower probability of failure is estimated, as
reflected by the low failure frequency value of the shaft. On the other hand the use of a direct drive generator increases
the risk of generator failure due to the level of maturity of the technology being less than that of traditional turbine
generators. Due to the harsh environmental conditions present on Signy Island, including low temperatures and high
winds, the estimates of failure for the blades and supporting structure are on the higher end of the spectrum as opposed
to traditional turbines. This is also due to the fact that the blades use an innovative combination of materials and as
such the level of maturity of the materials are seen as less than their conventional counterparts. However as can be
seen in the subsequent risk map, this is not of issue in terms of risks. It should be noted however that although the
values reflect the average annual failure frequency over the whole lifetime, such values change depending on the age
of the turbine. This is backed by empirical evidence showing that the failure frequency of components during the first
year of operation are close to zero as opposed to the same systems during the end of their lifetime [56]. This suggests
that failures can be mitigated with extensive maintenance activities, keeping components close to their manufactured
state, and as such the annually planned maintenance activities will be used to minimise the frequency of failures.

6.2 Consequences of Failure

The risks of failure in one of the processes or components may have large consequences on the rest of the system or
on the Antarctic environment. The possible consequences of an occurring failure are enumerated below:
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� System Failure: A failure of one of the turbine components might imply that a complete turbine fails. Since
three turbines are designed due to redundancy, the consequences of one failed turbine should not need to be
categorised to be really severe. With one turbine off, there is still enough energy available for the basic needs of
the station inhabitants and researchers.

� Human Safety: During operation and all stages before, the wind energy system might not bring humans
in danger. At Signy station, researchers are living close to the turbine site. If one of the turbines fails, it is
important that the researchers do not experience life-threatening events.

� Wildlife Safety: Not only the human safety should be insured but also the safety of the wildlife. At Signy
Island, the wildlife is observed and thus an interruption with the normal behaviour of the wildlife has to be
avoided. Also due to failure, this might not become the case. For example, fire might drive the wildlife away
resulting in the loss of the utility of the station.

� Emission: During transportation and production some emissions are present which will increase if extra parts
need to be manufactured and transported. This is an unlikely consequence of failure since the aim of the project
is to be as sustainable as possible and to have a zero emission energy source.

� Noise Disturbance: If some of the energy system components fail an increase in noise might occur. This
consequence might influence the wildlife and humans living on Signy Island. Humans are really sensitive for
noise which might make the life on Signy unacceptable. The animals might leave the Island if they are too
disturbed in their daily life.

� Waste: Failures during production, assembly and transportation implies most of the time waste of material. If
a component is not useful by for example made inaccurately, a new part should be manufactured. If parts have
to be remade, the sustainability of the system also decreases.

� Cost: Failure of parts always results in higher costs. Parts might be replaced or parts should be remade.
Additional material and working hours have to be paid, increasing the product cost. If the turbines are not
running, no energy is produced which means that the system is not producing its estimated annual energy
production (AEP). This will consequently lead to an increasing energy cost. Since Signy Island is a remote
location, an inspection on-site or a transportation to that location is not easy nor priceless. To use an individual
transportation method, a high cost price will be assigned to this.

6.3 Statistical Analysis: Risk Map

Within this section a visual representation of operational failure risks will be presented through the use of a risk map.
The risk of each separate component is estimated by combining the likelihood of failure with the severity/consequence
of a given failure. Such reference data is deemed important in order to give insight into areas which may need
extra attention to meet maintenance and failure requirements REQ-TE-15. The risk map is formed using statisti-
cal information on failures of conventional wind turbines adjusted to correspond to the Antarctic wind energy situation.

It is interesting to see that most components are found within the lower risk area (bottom left), and no components
are found in the high risk area (top right). This is due to the fact that the designed wind turbines are designed in
such a way to minimise risk. Additionally a lot of information and experience is available for a horizontal axis wind
turbine, even in the Antarctic environment. In fact, a component with extreme failure consequences has a very small
probability and vice versa. This highlights an important design methodology, where the designers have chosen to use
higher quality parts for components which would cause significant consequences, and thus reduce risk. The most risky
components are the electrical system consisting of the cables, transformer and converter, the generator, the mechanical
brake and the back-up system. A visual representation of the risk map can be found in Figure 6.2. The risks associated
with the components are separated into three major groups in relative terms, low, medium, high, represented by the
colour differences in the risk map, going from light to dark respectively.
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Figure 6.2: Risk map visualisation

6.4 Safety

The safety of the wind turbine system is closely related to the risks. A widely used definition of safety is ’the freedom
from hazards to human and equipment’ [57]. For the Signy research station this definition should also include the
freedom from hazards to flora and wildlife.

The main hazard is structural failure of the system. This can damage the flora, wildlife and research facilities. In the
design method of all these components a safety factor of 10 is applied. Moreover, for the weather condition the worst
case scenario is used to calculate all the stresses. Calculations were conducted to ensure no fragments of the wind
turbine would reach the research station or cause damage in case of failure and can be found in Appendix D.4 thus
fulfilling REQ-CO-11. In addition redundancy is applied to even lower the safety risks. One of the main important
safety considerations are the brakes. Two types of brakes are applied, both fail-safe, to ensure an emergency stand
still when needed. Furthermore all materials are chosen such that there will be no health issues for the scientists or
wildlife. The resin of the blade and shell material can be toxic. However when the production is executed in the
right way there will be no consequences. During the production a vacuum bagging is used to ensure no health issues
during the curing. When the blades and shell are finished there will be no safety issues of the material any more. At
the end-of-life disposal all the wind turbine parts except the foundation are removed from the island to guarantee the
safety after usage. The batteries are made from lead acid and lead can be extremely toxic. That is why the batteries
will be in an insulated area. This will prevent the batteries to crack due to the cold and will also be to ensure the
safety of the environment.

In conclusion the wind turbine system is designed in a way that the researchers, equipment, wildlife and flora are
protected from hazards. This is done by applying both safe life and fail-safe design methodologies, through the use of
safety factors, conservative worst case calculation values, in conjunction with redundant components.
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7.Sensitivity Analysis

In this chapter the performed sensitivity analysis is presented. Sensitivity analysis is defined as ”the study of how the
uncertainty in the output of a mathematical model or system (numerical or otherwise) can be appointed to different
sources of uncertainty in its inputs” [58]. The sensitivity of the design will represent the effects that changing certain
input parameters have on the requirements and the ability to meet the requirements. In the following sections a
sensitivity analysis is performed for important parameters as velocity, power demand, temperature and soil variation
and their effect on the requirements related to sustainability (that incorporates the carbon footprint and noise),
maintainability and cost. The sensitivity of the design is evaluated to changes in these parameters of 25%. The
reference values of the design can be found in Table 7.1.

Table 7.1: Key factors used for the sensitivity analysis

Rotor+Nacelle Tower Total
Diameter of rotor: 8.8 m Mass: 738.5 kg Mass: 1248.2 kg

Wing box mass: 9 kg 0.0763 < Radius (m) < 0.3189 Cost: e 642,000
Mass of rotor & nacelle: 509.7 kg

7.1 Velocity

The design was evaluated on changes to velocity by simulating a change in rated velocity of 25% both above and
below the reference value. The results of this analysis can be seen in Tables 7.2 and 7.3, followed by a discussion on
the design changes.

Table 7.2: Changes on rotor, nacelle and tower design when the velocity is changed

Input Rotor+Nacelle Tower

25% increase in V
Diameter of Rotor: 7.9 m Mass: 710.2 kg

Wing box mass: 5.7 kg 0.074 < Radius(m) < 0.307
Mass of rotor & nacelle: 508.7 kg

25% decrease in V
Diameter of rotor: 9 m Mass: 744.6 kg
Wing box mass: 10.7 kg 0.077 < Radius(m) < 0.322

Mass of rotor & nacelle: 517.8 kg

Table 7.3: Changes on noise, maintainability and cost of the project when the average velocity changes

Input Noise [%] Mass [%] Cost [%]
25% increase in V -5.5 -2.4 -0.6
25% decrease in V 1.1 1.1 0.2

As can be seen from the above results, as the rated velocity increases the required blade diameter to achieve the same
power output decreases by 11% to 7.9 m and this causes a change in blade mass. Due to the lowered rotor mass the
nacelle mass decreases. However this decrease is only 0.2% as the generator is the main contributor to the nacelle
mass. There is a bigger drop in tower mass. However as through the reduction of blade size, the dominant factor is
the drag force at survival speed which decreased and as such the tower radius can also decrease. When combining
the effects it can be seen that a total decrease of mass of the system is equal to roughly 2.5%. It should be noted
that this percentage would likely increase during more detailed design phases due to the snowball effect, were smaller
components such as connectors and singular components could be sized more accurately to reflect the mass decrease
[57]. For a decrease of rated velocity, the same principles apply as those stated above, with shifts in diameters and
masses in the opposite direction. The results of these shifts are stated in Table 7.2 and Table 7.3.

The noise level is calculated at 70 m from the station. In terms of noise, an increase in rated velocity resulted in a
bigger change in noise level than a decrease in velocity, see Equation 19.1. This is due to the fact that noise is linked
to rotor diameter and the magnitude of change of rotor diameter for the two cases is different. This in turn stems from
the fact that only rated velocity is changed and the other parameters of the power curve are not changed leading to
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such a result. Once the maximum allowable noise at the station of 40 dB(A) is reached, the distance between the wind
turbine farm and the station has to be increased, not the noise requirement. Thus for a decrease in noise level the
wind turbines must be placed further away, this requires increasing the cable length and higher power losses, although
these are small for such changes.

In terms of maintainability, such small changes in design parameters are unlikely to cause any modifications in main-
tenance procedures and cost changes, and as such is not sensitive to these changes. The same can be said for such
changes in terms of sustainability, although having a smaller or larger rotor diameter will impact the environment in
terms of visibility and manufacturing carbon footprint, such small changes are negligible. Only if the rated velocity
increase or decrease are extreme both sustainability and maintenance would come into play, where different procedures
and manufacturing techniques should be concerned.

The cost are directly related with the production, manufacturing and material cost. A linear relation can be found
with the amount of material used to each part: rotor, nacelle, tower and foundation. A relation between production
costs and the amount of materials used was made for each part in order to calculate the changes on the total cost.
It is logical that for an increase in velocity the total costs decrease by only a small amount because all the materials
costs had decreased while the generator, back-up system and batteries had remain the same, which are the main cost
contributors. In the same way when the velocity decrease is 25% the cost also increase due to overall increase of
materials. Due to small changes in cost the requirement defined is still considered valid.

7.2 Temperature

When increasing the temperature with 25% the air density decreases from 1.3185 kg/m3 to 1.2982 kg/m3 and when
decreasing the temperature with 25% the air density changes to 1.3201 kg/m3. The influence of this difference is
very small; the variance on the blade radius is lower than 5 cm and so the noise is approximately the same. Also the
loads are very close to the ones taken in the design and so the cost of the wind turbine is only slightly different. The
maintainability sessions during the year will not need to be changed.

For a large increase in temperature (average temperature of 10 ◦C) the cost of the project would be lower. This is
because the resins used for the composites materials and also the steel and others metals used would be cheaper due
to its higher availability on the market. A much higher temperature will also have a beneficial effect on the foundation
design, since the isolation material for the concrete can be decreased lowering the material use. The need of a de-icing
system would disappear as well, making the production easier and less costly.

7.3 Power Demand

The design was also evaluated on changes to the power demand by simulating a change in the required installed power
capacity of 25% both above and below the reference value. The results of this analysis can be seen in Tables 7.4 and
7.5, followed by a discussion on the design changes.

Table 7.4: Changes on rotor, nacelle and tower design when the power demand changes

Input Rotor Nacelle Tower

25% increase in Pd
Diameter: 9.5 m

Mass: 623.9 kg
Mass: 757.4 kg

Wing box mass: 10.4 kg 0.0780 < Radius(m) < 0.3273

25% decrease in Pd
Diameter: 7.9 m

Mass: 407.7 kg
Mass: 709.7 kg

Wing box mass: 5.5 kg 0.074 < Radius(m) < 0.307

Table 7.5: Changes on noise, maintainability and cost of the project when the power demand changes

Input Noise [%] Mass [%] Cost [%]
25% increase in Pd 3.9 10.7 12.8
25% decrease in Pd -5.5 -10.5 -12.5

When analysing the results for changes in power, it can be seen that when the required power increases by 25%, the
rotor diameter increases by 8%. This in turn causes an increase in mass of the nacelle. However, this increase in mass
is mainly due to the fact that a larger generator must be used and as such has a larger mass. The combined effects of
both a larger total mass and an increase in drag, due to larger blades, results in a tower weight increase of roughly 3%
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and a change in root radius of 10 mm. The total mass change of the system is then equal to 10% mainly due to the
increase in generator weight. Again it should be noted that the percentages are likely to increase due to the snowball
effect when components go into a more detailed design phase [57]. The same principles hold true for a required power
decrease, however with changes of parameters in the opposite directions.

In terms of noise both power changes cause similar percentage changes in noise level however the small differences are
explained by the non-linear changes on the rotor diameter. When considering the increased noise level on the original
requirements, it can be seen that the wind turbines must be placed further away from the research station due to
these changes. This will in turn also cause an increase in cable length and also increased power losses. On the other
hand when considering the decreased noise level, it can be said that the wind turbine farm can be placed closer the
station, reducing the cable length and power losses.

In terms of maintenance again for such relatively small changes, the maintenance procedures will not change. However,
if the design would be subjected to larger changes, causing a significant change in generator size, both maintenance
procedures and costs would be subjected to an increase. This is especially true in the case that the required power
changes in orders of magnitude, due to the link of higher component failure with higher turbine size/power rating
[56]. On the other hand, there is a much more significant link with required power changes and sustainability of the
design. Firstly the required battery storage capacity needs to be increased, this increases the carbon footprint of the
whole system. Furthermore although the back-up generator currently used would be able to handle a 25% increase of
required power output, if this number were to increase more, a larger back-up generator would be required, which also
increases to both the carbon footprint and the costs. In addition when more power is required, the carbon emissions
from the back-up generator would also increase as it is linked to the kWh required.

The cost of the project changes significantly for 25% of increase and decrease on the power demand. These differences
are explained in part by the small changes on the manufacturing and production costs on the blades, nacelle and tower,
due to difference in diameter of the rotor, but the most significant contribution is because the size of the batteries and
generator has to be adapted. Although the increased turbine costs still meet the current turbine cost requirements,
further increases in the required power output would require the cost limit placed on the wind turbine to be changed.

7.4 Soil Variation

If the soil turns out to be of a different type, the foundation of the design will have to be adapted. However this is very
unlikely as both amphibolite rock bottom and other rock bottoms found in the Antarctic location are very good for
foundation purposes. If the design were to be adapted to another location, where the soil is not rock, the foundation
type should be different. For softer soils, spread footing is the best option. This option requires more material thus
will be less sustainable. This option is widely used which implies lower costs and as such provides some benefits.
Maintainability will be the same because both foundation types do not require much maintenance during the turbine
lifetime. If the soil strength is lower than expected a larger foundation is needed with more concrete, anchors and
steel. This will of course result in both increases in costs and a decrease in sustainability, and as such the foundation
design is sensitive to this parameter.
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8.Environmental Solutions

The wind turbines are located in a very specific environment. The wind turbines should cope with the harsh climate and
at the same time, the turbines should not affect the surrounding untouched nature. In this chapter, several solutions
are presented to cope with these matters. In Section 8.1 the method to decrease the bird impact is presented. Section
8.2 shows the system to cope with the icy environment and Section 8.3 presents the lightning system.

8.1 Bird Impact

Birds can have difficulty seeing structures, therefore collision of birds with wind turbines occur. The concern about
bird strikes increases on Signy Island since the goal of research is to find out more about the behaviour of birds, but
also because the Antarctic Environmental Protocol has to be conformed. This protocol states that every institution
entering the Antarctic’s should work with a minimum environmental impact [40]. Twelve flying birds species breed
on Signy Island and 27 species visiting the island have been recorded [59]. However, in order to design a solution that
prevents bird strikes into wind turbines, the view field of birds need to be researched.

8.1.1 View of Birds

The visual information birds extract from their environment is different from the visual information extracted by
humans for the same circumstances. The retina, physiological optics, visual fields and the visual information pro-
cessing for primates and birds differ. One explanation for avian collisions with wind turbines is that birds cannot
simultaneously survey the ground for prey and monitor the horizon to avoid obstacles. But this explanation seems
unlikely for the following three reasons. Birds can keep good acuity in peripheral vision. They have two foveal regions.
Their fovea is responsible for sharp central vision. Birds can keep objects at different distances simultaneously in
focus on the retina. Another explanation is the reduced visibility of the blades due to motion smear. An image of an
object becomes blurred as the object moves with increasing speed. Motion smear occurs at the tip of rotor blades of
wind turbines and increases when the observer moves closer to the wind turbine. When the observer is too close to
the wind turbine that the retina cannot process the information of the velocity of the blades, the blades will become
transparent. [60], [7]

8.1.2 Bird Impact Solutions

There are two options to reduce the effects of motion smear to reduce avian collisions into wind turbines. One solution
is to make use of UV-light or near-UV-light. However, research on the reduction of avian collisions using UV-light
is currently being conducted and results have not yet been made available. The second solution is to maximize the
time between successive stimulations of the same retinal region. This can be accomplished by painting patterns on
the blades. The colour and spatial patterning of the background has a major impact on the visibility, as well as the
angle of approach of the bird. A research has been performed on which type of pattern is the most effective. Eight
patterns have been tested, of which four are presented in Figure 8.1. It was concluded that one solid black blade and
two blank blades are twice as visible than three black blades, for a three-bladed wind turbine and this is the most
effective of the patterns tested. Additionally, painting one blade black is the simplest to produce which makes it also
the most cost-effective, so this method will be used. [7]

Figure 8.1: Four of the eight patterns tested on bird impact [7]
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8.2 De-icing System

The humidity of the air in Antarctica is very low and so it is not expected that ice will be attached to blades of the
wind turbines. However, even a small amount of ice causes a large perturbation on the airflow. The pressure gradient
on the leading edge is increased and with this the drag forces increase and early stall occurs, which should be avoided.
Therefore a de-icing system is implemented on the Windpulse.

Several de-icing systems were considered, such as black coating, special coating, hot air provided by heat losses of the
generator, inflatable leading edges, electrical heating and pulse electro-thermal de-icing (PETD). The description of
each can be found in Appendix E. The PETD system uses a millisecond-long electrical pulse directly applied to an
ice-covered surface trough a conductive layer applied to the leading edge of each blade, see Figure 8.2a. This method
will be implemented because it is the most efficient system with low power consumption [61]. The full trade-off of the
different systems can also be found in Appendix E.

Special attention should be paid to the electricity supply of the de-icing system because of the rotating turbine. A
capacitor bank needs to be installed in the rotor to deliver the electrical pulse directly to the conductive layer on the
leading edge of the blade, see Figure 8.2b.

(a) PETD system overview [62]
(b) Capacitor bank in the blade [63]

Figure 8.2: Pulse electro-thermal de-icing system

Besides higher thermal and electrical conductivity, the layer material should present low Young’s modulus in order
to stretch or compress with the flexing of the blade and should withstand lightning strikes. The materials that are
suitable for these requirements are copper, silver and aluminium. Silver and cooper are is certainly the ideal choice
with respect to conductivity. However, the price is much higher than for the other options. Although copper presents
almost the same conductivity of silver, it does not present high strength and it is sensitive to corrosion. Finally,
aluminium is a low cost material with relatively good conductivity, strength and resistance to corrosion and so this is
chosen for this purpose [63]. The series 7xxx of aluminium alloy present high resistance to corrosion and was developed
for operations at lower temperatures being widely used for aviation purpose [64]. The thermal conductive layer at the
leading edge will be made of 7079 aluminium alloy for being one of the most common type and so, one of the cheapest
[65].

To detect the amount of ice on the blades, a sensor has to be installed. The most commonly used sensor is an elec-
tromechanical sensor that operates as a vibrating rod. If there is no ice, the vibration rod resonates at its natural
frequency. But if it has a coating of ice the additional weight slows down the vibrations, which changes the frequency.
When the frequency change is detected, this is converted into ice weight and ice thickness, and subsequently used to
set the ice-alert signal after a predetermined thickness has accumulated on the blade. Unfortunately, such complex
assemblies have lots of precision internal parts that are costly to manufacture and hard to assemble. They are very
sensitive, and require a high-speed ambient air stream in order to work properly. In order to counter the problem
the following sensors were considered: an optical sensor, a microwave-based ice sensor, a sensor that measures the
difference between the capacitance of two adjacent metal plates and a piezoelectric sensor that measures the difference
of weight on the blade [66].

An optical sensor is already widely used on commercial and military aviation. The microwave-based ice sensor is not
yet completely developed. Sensors that measure the difference between capacitance have a complex installation and
a piezoelectric sensor is not accurate enough due to vibrations induced by gusts and general deflections. For these
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reasons it was determined that the optical sensor is the best option for the Windpulse. The ice optical sensor consists
of a small, easy to install sensor head that is situated on the top of the nacelle. The sensor allows ice formation
directly on its optical surface, defining the relative accumulation rate. There are four states: no-ice, ice-alert, more-ice
and saturation-ice. By knowing the growth ice ratio, the ice on the blades can be predicted. On the other hand, as
sunlight heats and melts the accumulated ice the state sequence reverses itself [66].

8.3 Lightning System

Due to the height of the wind turbines they are vulnerable to the effects of direct lightning strikes. On average a
wind turbine is hit by a direct lightning strike every year and so the necessity to create a system that addresses this
problem arises. [67]

The most likely lightning attachment points are the blades, air terminal (lightning rods), the nacelle or protuberances
near the top of the structure. Upon being hit, the entire structure becomes a part of the lightning discharge path;
from the attachment point to the ground the lightning current will flow through the lowest-impedance paths available,
inducing sufficient currents and voltages to damage vulnerable materials and electronic components. A lightning strike
on the wind turbine produces electricity, which is dissipated into the ground through the rotor blade, the nacelle, the
tower and the foundation earth electrode in the way explained further in this section.

8.3.1 Blade

The rotor blade tip is the highest point of the wind turbine and therefore it has the highest risk point during thun-
derstorms. The chosen material for the blade is a hybrid composite. This presents poor conductivity, and so a direct
strike could cause severe damage. To protect a non-metallic blade, a good conducting path linking the tip of the
blade to the root has to be created. An internal wire is installed on the blade, while the external path will be made
by the aluminium layer created for the de-icing system, as can be seen on the Figure 8.3. Since lightning dissipation
takes place on the blade root and not through the hub and the rotor bearings, the damage on the electrical parts is
prevented.

Figure 8.3: External and internal charge transfer [8]

8.3.2 Nacelle

Once the current arrives at the root of the blade, the dissipation of the lightning current from the rotor to the nacelle
takes place through a spark gap, which is formed by lightening rods on the nacelle and an aluminium ring on the
rotor blade. On the back of the nacelle shell there is also a lightning rod to protect the nacelle and the measuring
equipment. Within the nacelle, the lightning current is conducted to the bonding bar inside the tower via a slip ring
system made of flexible copper cable.

8.3.3 Tower

The chosen material for the tower is steel and so the tower itself is the conductive material that conducts the current
to ground level. Notwithstanding, the foundation is made of concrete, a non-electrical conductive material, as a result
the discharge should be made outside the foundation (directly in the ground). Four brackets are welded to the tower,
four wires that are insulated but not at both ends connect the brackets to the rock anchors that discharge the energy.
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9.Power and Directional Control

This chapter describes the techniques applied to control the output power of the wind turbine as well as the directional
rotation. First the reasons for having a power control strategy will be discussed, after which the specific method and
mechanisms for control are explained, in Section 9.1. Section 9.2 elaborates on the directional control of the wind
turbine and justifies the choice for a downwind rotor.

9.1 Power Control

The power available in the wind is proportional to the air density, the rotor swept area and the wind speed cubed.
This means that the available power rapidly increases with increasing wind speed. However, the output power of a
wind turbine is limited for high wind speeds by the induced loads on the rotors and mechanical power train, as well
as the rated power of the generator. It is very important to not exceed this rated power since this might trigger an
imbalance between the rotor and generator torque, causing an acceleration of the blades. In addition to the power
control above rated wind speed, it is also possible to control the power at lower wind speeds in order to obtain the
optimum output.

In general, the output power of the wind turbine can be controlled by controlling the generator speed, the blade angle
of attack or the angle of the entire turbine with respect to the wind direction (yawing or furling). Control of the
generator speed will be used on the wind turbine considered in this report, to allow operation at optimum tip speed
ratio for a range of wind speeds below Vrated. The required rotational speed will be obtained by measuring the torque
at a given time and relating this to a desired rotational speed, as shown in Appendix L. For the power control above
rated wind speed the decision was made to control the blade angle rather than the angle of the turbine with respect
to the wind direction. This is because the angle of attack control is widely used on wind turbines and provides a more
accurate control of power. Additionally, pitching the blades can serve as aerodynamic braking in case of emergency
and is needed to reduce the loads when the blades are in the parked position above cut-out speed. See Section 9.2 for
more about the directional control.

The blade angle control of the designed wind turbine shall be done actively, by pitching the blades towards the wind
direction (pitch-to-feather). By doing so, the angle of attack of the blades is reduced for higher wind speeds, leading
to lower forces hence lower produced power. With respect to passive stall control, where the blade stalls at high wind
speeds to reduce power, the active control can provide a constant power output, Prated, for wind speeds above Vrated.
This is beneficial for the annual energy production and is the common control strategy for the current wind turbines.
It would also be possible to pitch the blades actively towards stall at higher wind speeds. However, with this strategy
it is difficult to obtain the same constant rated power output above Vrated as with pitch-to-feather control. Another
argument that can be made against both stall-inducing strategies is the unpredictable flow behaviour that occurs after
stall. It might be that aerodynamic hysteresis effects cause the flow to reattach at very low angles of attack, meaning
that the wind turbine will produce less power if the wind speeds decrease again beyond the point where the airfoil
stalls. [68]. The required pitch angle can be obtained by measuring the torque and relating this to the required pitch
angle, as was done for the first part of the power curve and the rotational speed.

The active pitch control will be obtained by means of an actuator connected to a mechanism for rotating the blades
about the pitch axis. On smaller wind turbines, pitching is sometimes achieved by using the centrifugal force and
flyweights attached to the blades. However, this system relies on an ever increasing rotational speed, which is not
the case in the current design. As will be explained later, the rotational speed is limited to approximately 15 rad/s
for noise constraints, hence centrifugal pitch systems cannot be applied on this turbine. In addition to that, the
centrifugal systems are very sensitive to mass imbalances, which can occur in Antarctica due to ice-accumulation.
Although older designs made use of hydraulic actuators for the pitch system, the market has turned towards the use
of electromechanical systems due to their compactness, high reliability, lower maintenance costs and environmentally
safe use (no leakage possible) [69]. Especially for the small wind turbine considered in this report and the harsh en-
vironment it operates in, the low maintenance and high reliability outweigh the slightly lower initial costs and higher
obtainable force of the hydraulic systems. Additionally, the oil in the hydraulic system may become very viscous at
the low temperatures in Antarctica, resulting in higher friction, lower pressure and eventually congelation of the fluid
[70].
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The pitch control mechanism will transform the linear motion from the electromechanical actuator to a rotation of all
three blades simultaneously. The chosen option to do this is by having the actuator, which is located in the nacelle
and powered by the generator, push a small rod through the middle of the main shaft forwards and backwards. This
rod will in turn rotate three levers with a torsional spring in order to pitch the blades. The torsional springs provide
a fail-safe design since they rotate the blades automatically into the wind (full furl) in case the actuator fails. Other
possible mechanisms include having the actuator located inside the hub itself. However, the power supply of the
actuator then becomes difficult due to the constant rotation of the motor(s), implying the use of e.g. slip rings for
transferring electrical power and thus adding complexity.

9.2 Directional Control

For an optimised power output, it is important that the turbine rotor is always perpendicular to the incoming wind
speed. If not, the effective rotor diameter is decreased resulting in less output power. The method to perform direc-
tional control heavily depends on whether the turbine configuration is upwind or downwind.

For the Windpulse, a downwind turbine is selected to be the most suitable. A downwind turbine has its rotor behind
the nacelle (see Figure 9.1). Downwind turbines have the important advantage that the rotor blades may be made
more flexible since it is less likely that the blades hit the tower. More flexible blades result in less expensive blades
which can be placed closer to the tower and lower stresses occurring on the tower during high or gusty wind conditions.
More forces are transferred directly to the blades instead of the tower. However, this flexibility also refers back to
more fatigue problems. The basic drawback from the downwind configuration is the reduction in wind speed due to
the rotor passing through the wind shade of the tower which may also increase fatigue loads on the turbine. The
Antarctic turbines presented in this report are designed in such a way that they are able to handle these loads. On
the other hand, the downwind rotor is advantageous in that it allows a wind sensor to be installed ahead of the rotor.
This makes it possible to obtain data on wind direction free of disturbance, resulting in precise pitch control. While
for an upwind configuration a difficult yaw system is required, for a downwind a passive yaw mechanism can be used.
If the rotor and nacelle have a suitable design that makes the nacelle follow the wind passively, the nacelle itself can
be used as windvane, as is the case for this turbine. [71] [72]

Since cables are connected to the generator to lead the produced current away, a system to untwist the cables should
be added to the passive yaw system. Because at Signy Island the wind is almost unidirectional, the decision was made
to limit the rotation of the turbine. If the angle range is limited to 180 degrees, the rotor will be able to point 85% of
the time perpendicular to the wind. Based on the measurement data of the wind speeds at Signy Island, a simulation
is made showing the influence on the annual energy production when limiting the angular range. This limitation will
consequently result in a decrease in the annual energy production of 3%. However, this loss and thus a small increase
in electricity price definitely outweighs the cost of an active yaw system.

Figure 9.1: Sketch of an upwind and downwind wind turbine configuration
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10.Blade Design

In this chapter the final blade design is presented. The geometric blade properties as well as the internal blade
structure are determined and the methods to end up with these results are shortly introduced in Sections Section 10.3
and 10.4, respectively . Section 10.1 justifies the airfoil shape. The number of blades are covered in Section 10.2 and
Section 10.5 discusses the material choice for the blades.

10.1 Airfoil Shape

For the selection of the blade airfoil, the blade is divided up into the tip part, middle part and the root part for which
different airfoils are selected. Due to the different aerodynamic and structural behaviours, various requirements are
set for the selection of the geometric characteristics of each part.

The shaft part of the blades has no aerodynamic demands so a circular cross-section is selected. Caused by the high
loading of the blade towards the root, the root part of the blade requires high strength. This strength at the root can be
obtained by increasing the distance between the bottom and the top skin of the airfoil. However, the airfoils with high
relative thickness present high drag, hence they are not desired for the tip design and thus a different airfoil is needed
for the tip blade design. At the tip a high maximum lift over drag ratio, high angle of stall, posterior smooth stall,
low noise and insensitivity to roughness is required. The middle airfoil should be a balance between the tip and root
design characteristics and it is important that the different airfoils are geometrically compatible. Therefore only one
airfoil family is selected such that the airfoils can smoothly change into each other. A trade-off is made between differ-
ent families that are commonly used for aviation and maritime application (NACA, Wortmann and Eppler), but also
airfoils specially designed for wind turbine blades (S8, DU, FFA and Risφ). The trade-off can be found in Appendix F.1.

For the Antarctic turbine with approximately 5 meter blade length, the FX63120 is selected for the tip and the
FX84W218 for the root. The middle airfoil has consequently been extracted from the 3D drawings, having a smooth
transition from the tip to chord airfoil. The shape of the selected airfoils are visualised in Figure 10.1. The Wortmann
airfoil family has a high maximum Cl/Cd ratio. This is reflected in a good stall behaviour for the tip and a later stall
for the root. Compared to the other families, the Wortmann airfoil used for the tip part of the blade is relatively
insensitive to a Reynolds change within the large operating range of Reynolds numbers. At the operational Reynolds
number, the selected airfoils are roughness insensitive. For the tip the maximum thickness occurs at 30.8% and for the
root the maximum thickness is present at 33.9% of the chord. An airfoil with the maximum thickness far away from
the leading edge will experience a decrease in the pressure gradient at the leading edge when exposed to ice or dust.
This leads to the fact that transition and stall occur later than expected; for the airfoil with maximum thickness at a
large distance of the leading edge the streamlines still follow the airfoil shape without creating high adverse pressure
gradients.

To gather the airfoil data, Rfoil is used. However, the software is not able to produce accurate enough results.
Therefore Rfoil is validated with measurement data after which a correction is implemented on the software data to
make them more realistic. This process and the Cl and Cd values are shown in Appendix F.2.

(a) Root airfoil FX84W218 (b) Middle airfoil (c) Tip airfoil FX63120

Figure 10.1: Wortmann airfoils selected for the blade
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10.2 Number of Blades

To decide on the best choice for the number of blades, three configurations are considered during a trade-off by
comparing their own advantages and disadvantages; a two, three or four bladed horizontal axis wind turbine. Many
variables are affected by the number of blade selection, such as rotational speed, efficiency, weight, drag, cost and so
on. Most modern wind turbines are three bladed designs and tend to lead in the world’s market. The three bladed
horizontal axis wind turbine came out of this analysis to be the most suitable configuration for this project. For most
of the criteria, the three bladed rotor is the optimum balance between two and four bladed configurations.

Each blade disturbs the air for the following blade. This influences the lift and drag working on a blade. For a three
bladed turbine the influence of one blade on the other remains acceptable. The tip speed ratio for a three bladed
turbine is only 82% of the two bladed turbine. High rotational speeds are a disadvantage regarding noise and results
in a smaller range of operating at optimum tip speed ratio. The loads resulting from the BEM-code, based on Blade
Element Momentum theory, differ significantly for the different configurations. The higher the number of blades, the
smaller the normal and tangential forces that are working on the turbine blades. The loads of a three bladed turbine
seem to be preferred considering the required structural box thicknesses and length. No teetering hub is required for
the obtained configuration and the stability is significantly better than for the other considered designs. The reason is
that at the very moment when the uppermost blade bends backwards, because it gets the maximum power from the
wind, the lowermost blade passes into the wind shade in front of the tower. [73] Also for the vibrations, the selected
configuration seems to have better properties resulting in less fatigue issues. The visual impact on humans is also
confirming the decision. The human eye is really sensitive to rotating parts. Most of the time, multiple wind turbines
are placed close to each other which do not necessarily have the same rotational speed. Studies have proven that
the asynchronous rotation of multiple even-bladed turbines is visually unpleasant while the out of phase rotation of
odd-bladed turbines is less notable.

10.3 Geometric Blade Layout

With the airfoil and number of blades known, the geometrical blade layout is determined. At the end of this chapter
the blade length, chord distribution and twist distribution are obtained. Also the corresponding power output and
pitch angle for each velocity are shown.

To start this process, the rated velocity is determined. The values of the rated wind velocity at which a wind turbine
will produce its maximum average power has to be determined. The method for determining the optimum rated wind
velocity was based on the wind speed probability density function occurring at Signy Island explained in Appendix
F.3. For the wind turbine of this project, the rated velocity is calculated to be 10.16 m/s. The corresponding cut-in
and cut-out speed are 3.5 and 30.5 m/s based on reference [74].

To minimise the loss of kinetic energy due to wake rotation, a optimum chord distribution exists. The method to
determine this distribution is based on the theoretical Betz limit. From that same method, the optimum twist distri-
bution is computed. A visualisation of the results can be found in Figure 10.2 and 10.3. The used equations can be
found in Appendix F.4.

Figure 10.2: Chord distribution from 20% of the root
until the tip

Figure 10.3: Twist distribution from 20% of the root
until the tip
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To determine the best combination of the rotor diameter for the three bladed configuration, the main used tool is the
Blade Element Momentum model. With this BEM-model it is possible to calculate the steady loads and thus also
the thrust and power for different settings of wind speed, rotational speed and pitch angle. The explanation of this
method is discussed in detail in Appendix F.5. The procedure to determine the best combination of number of blades
and rotor diameter consists of multiple steps and uses the airfoil data, chord and twist distribution as main inputs.

The first step in determining the rotor diameter is to calculate the optimum power coefficient, which is the highest
obtainable value. The Cp values are calculated by varying the wind speed (and thus the tip speed ratio λ) and pitch
angles θp. From all these combinations the maximum value for the power coefficient is chosen and the corresponding
λ and θp are defined.

With these numbers in mind, the diameter of the rotor plane is selected based on one main requirement: the rated
power should be reached at the estimated rated velocity. This implies that the average rated power is maximum
and that the turbine is not over- or under-designed. The best diameter/blade combination is selected by using the
BEM-code. The code is run for only the rated velocity and calculates the corresponding power. In Table 10.1 the
resulting values for the diameter, pitch angle, tip speed ratio and maximum power coefficient are shown.

Table 10.1: Rotor blade characteristics

# Blades [-] Rotor Diameter [m] Optimum λ [-] Optimum θp [◦] Optimum Cp [−]
3 8.8 8.25 -2.5 0.53

For the power output, it would be beneficial to run constantly at optimum tip speed ratio and pitch angle. However,
the wind turbine rotational speed range and the maximum power are limited. The turbine will operate at optimum
tip speed ratio until the speed at which ωmax of 15 rad/s is reached. The rotational speed will thus increase linearly,
holding λ at the optimum value. As soon as ωmax is reached, λ will decrease again. Due to vibrational reasons explained
in Section 13.1, the minimum rotational speed is limited to 10 rad/s. To limit the power, the pitch regulated control
system was considered to change the pitch angle. Until the rated velocity the pitch angle will be kept constant at
its optimum value and for the high wind speeds, the matching pitch angle corresponding to the rated power should
be found. To do this, the BEM-code is adapted to run over a range of pitch angles and extended to find the correct
θp. A visual representation of the power curves and the pitch angle variations for a velocity range between cut-in and
cut-out speed can be found in Figure 10.4 and 10.5, respectively.

Figure 10.4: Power versus wind speed Figure 10.5: Pitch angle versus wind speed

10.4 Internal Blade Design

Wind turbine blades are constantly exposed to a variety of distributed loads that act in different directions. First
of all, the lift and drag forces induced by the aerodynamic shape of the blade are decomposed into the normal and
tangential loads. Additionally, the blade mass exerts a loading that is different for every rotational position. Finally,
the centrifugal force due to the rotation is considered. The combination of these loads results in stresses in the blade
and causes it to deflect. Their time and position varying behaviour also induces vibrations in the structure.

In order to reinforce the aerodynamic shape of the blade to cope with the high loadings, the majority of wind turbine
manufacturers use internal stiffening elements that provide the necessary strength and stiffness. For the design
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presented in this report, an internal box structure as shown in Figure 10.6 is applied due to its superior torsion
performance with respect to e.g. a single spar. The tapered box will consist of three main elements, as displayed in
Figure 10.7: the blade itself with a linearly increasing width from the tip, which is consequence of the applied chord
distribution, the section of the shaft with linearly decreasing width and finally the straight shaft at the root. As a
result of the aerodynamic design, the box is given a twist along the length.

Figure 10.6: Internal structure of blade showing
the stiffening elements

Figure 10.7: Schematic representation of the in-
ternal box sections

The internal box forms the main structural element of the blade and is therefore carefully designed to limit the maxi-
mum stresses and deflections below the allowed values. Additionally, the resulting eigenfrequencies are calculated to
create an understanding of the constraining frequencies that cause resonance. First, a numerical tool was constructed
to find the required skin and spar thicknesses of the box that confined the maximum Von Mises stress in the three
sections of Figure 10.7 below the allowed value of 150 MPa. The maximum allowed value is dictated by material
choice and fatigue issues, explained in Chapter 13. The thicknesses were found by calculating the maximum forces,
bending moments and torques on several discrete positions along the box and consequently obtaining the stresses. The
thickness distribution that satisfied the stress constraint and yielded the lowest weight was then selected. Also note
that width and height of the box was adjusted appropriately to obtain the required stiffness without influencing the
airfoil characteristics. Using the bending moments on the section, the deflections of the beam were also calculated and
the design was modified to restrict the tip deflection from exceeding the predefined limit of 50 cm out-of-plane. The
stresses and deflections were not only checked for the maximum operational case, but also for the case of parked blades
with a 75 m/s wind speed as REQ-TE-2 states. This analysis revealed that the best position to park the blades is
by pitching them so that the tip has a 0° angle of attack, which gives a tip deflection of 0.2 m and a maximum stress
well below the allowed value. Finally, the first flapwise and first edgewise eigenfrequencies were calculated by iterating
between applied forces and resulting eigenfrequency. Appendices F.7 and F.8 elaborate on the specific methods used
to design the beam and the design decisions made during the process.

Figure 10.8 displays the final thickness distribution of the box after designing it for stresses and deflections. The red
stars display the thicknesses that would suffice if the beam was only designed to cope with the applied stresses, while
the black stars indicate the final thicknesses after restricting the deflections as well. As visible from the figure, the
spars and skins have the same thicknesses, which is beneficial for manufacturing, and the overall thickness distribution
was kept simple: the first section of Figure 10.7 has an increasing thickness and the shaft sections show a constant
thickness. Figure 10.9 shows the Von Mises stress throughout the box after finalizing the design. The twist angle and
deflections are also included. The red and blue colours indicate the high and low stress values respectively. It is clear
that the stresses are highest along the leading edge of the blade, in positive x-direction, and increase towards the root.
This is due to the high bending stress at the leading edge caused by the combination of normal and tangential forces
in positive z- and positive x-directions respectively. In addition to that, the shear stress at the front spar is highest,
mainly due to the contribution of the torque. The legend in Figure 10.9 reveals that the maximum stresses, which
occur in each of the three sections of the blade, are never higher than the allowed value of 150 MPa. The out-of-plane
deflection, in z-direction of the tip is also lower than 50 cm, which was the predetermined limit. This value was based
on deflection angles for reference wind turbines [75]. Although the designed wind turbines will be downwind types, it
is still important to limit this deflection since a high deflection causes the effective rotor diameter to decrease and will
lead to large vibrations when the blade passes behind the tower. In appendices F.7 and F.8 more detailed figures are
shown to clarify the stress distributions and deflections.
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Figure 10.8: Thickness distributions of internal box,
black stars indicating final distribution. First thick-
ness distribution represents the distribution after
stress design. Second thickness distribution repre-
sents the distribution after updating the design for
deflection

Figure 10.9: Von Mises stress throughout the inter-
nal box. Red and blue colours indicate high and low
stress levels respectively. Blade twist and deflections
are also included.

The relevant parameters for the final box design are shown in Table 10.2. In addition to the geometric parameters
that ensure a robust design capable of handling the stresses and deflections, the two lowest eigenfrequencies of the
structure are also provided.

Table 10.2: Relevant parameters for internal blade box

Parameter Minimum Value Maximum Value
Thickness [mm] 1 13.1
Box Width [cm] 5.22 20.73
Box Height [cm] 1.3 5.18
Box Mass [kg] - 9.6
Von Mises Stress [MPa] 0 92.12

X-direction Z-direction
Tip Deflection [cm] 13.88 49.93

Flapwise Edgewise
First Eigenfrequency [rad/s] 5.13 15.04

10.5 Material

In this section, the chosen materials to construct the blades are discussed. Firstly, the choices made for the internal
box will be explained, after which the aeroshell material is described. More information on this matter is also provided
in Appendix F.9.

10.5.1 Internal Box

When dealing with composites, it is impossible to ignore the mutual relationships that exist in the trinity of materials,
manufacturing and design. Thus when a material is investigated, it is important to consider how this material affects
the design itself as well as the production method. For the internal box of the blade four material types were consid-
ered, all of them currently being used on small wind turbines: Aluminium (Al− 2024− T3) and Glass-, Carbon- and
Natural-Fibre Reinforced Polymers (respectively GFRP, CFRP, NFRP). After analysing these different possibilities,
the decision was made to use a hybrid composite consisting of 60% Carbon and 40% Flax fibres together with a 53%
bio-based epoxy. The justifying numbers and the decision process are presented in Appendix F.9, but the essence of
the choice lies in the trade-off between cost and sustainability.
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With the material properties shown in Table F.2 of Appendix F.9, the different designs belonging with each material
were obtained. As explained in the appendix, the Aluminum design already turned out to be infeasible after designing
it for stresses since the material thickness at the root needed to be higher than the actual height of the box. In
addition to the stress design, the flexural stiffness of the different designs also had to be altered to account for the
tip deflection requirement. As described in the appendix, the Glass fibre and Flax fibre blades required too radical
aerodynamic design changes (changing the airfoil thickness would be needed since the material thickness at the root
is otherwise too high) in order to meet the tip deflection requirement, leaving the carbon fibre blade as the remaining
possible option. Glass fibre composites might not be suitable for this design, however the material is widely used on
large scale wind turbines. One explanation for this is the fact that the loads on the blades do not increase at the same
rate as the stiffness does when upscaling the blades from a small to a large wind turbine. Due to the larger cross
sections, large wind turbine blades will most likely have a higher relative flexural stiffness as compared to the small
turbine blades of this design. In fact, the moments of inertia increase with the third power of the box thickness and
width. This contributes to the flexural stiffness of the blades.

Although the Carbon fibre design satisfied the requirements and has a relatively low cost (even lower than Glass
fibre, if that design was considered feasible), it still has a high environmental impact and requires a large amount
of energy to be produced, as shown in table F.3 of Appendix F.9. Based on studies presented in [27] and [18] and
on the results presented in table F.3 of Appendix F.9, a hybrid composite consisting of 60% Carbon and 40% Flax
fibres was determined to be the best compromise between performance, cost and environmental impact. As stated
earlier, a bio-epoxy resin was chosen for the composites. According to [76], the properties of the SuperSap 53% bio-
epoxy are comparable to the properties of conventional non-bio resins. Using a bio-resin also contributes to lowering
the environmental burden of the composite, as explained in the appendix. An epoxy was chosen since it has better
adhesive properties, superior mechanical properties, better resistance against fatigue and microcracking and reduced
degradation from water ingress [77].

With respect to the cold environment in which the wind turbines operate, it has to be stated that little research is done
towards the performance of composites in low temperatures since the main research focus lies on high temperature
effects [78]. However, some research is done into the behaviour of GFRP’s and CFRP’s in cryogenic temperatures. The
general conclusion of this research is that the mechanical properties of composites are not affected by low temperatures
and can even increase with decreasing temperature (e.g. shear strength). The low temperatures have a negligible effect
on the fibres, regardless of the moisture content, but can reduce the toughness of the matrix material and can have
consequences on the formation of micro-cracks due to residual stresses. Appendix F.9 provides more information on
the effects of cold temperatures, but the final conclusion that was drawn is that the fibres will pose no problems at all
and that epoxy will be the best choice for resin due to the good resistance against microcracking and water ingress.

10.5.2 Aeroshell

The function of the aeroshells is to provide the required aerodynamic shape to the blades and to protect the internal
structure from external influences such as UV light and erosion [76]. In order to avoid buckling and maintain the
aerodynamic profile, the aeroshells mainly need to be stiff and low-weight. Therefore, the shell will be constructed
with sandwich structures, with a core material that has a reinforcing laminate on each side, as well as an external
coating.

Since the laminates will be thin and do not have to carry the main loads, carbon fibres were substitute by glass,
mainly because they are inexpensive, durable and less brittle than carbon fibres. The latter aspect is important to
resist impacts occurring on the blades. The resin will be the same as the one for the internal box (a 53% bio-based
epoxy) for manufacturing ease. For the light-weight core that will be placed in between the glass fibre laminates,
end-grain balsa will be used. This material is inexpensive, widely used, has good specific properties and is derived
from a renewable source (fast-growing balsa-tree). Other options that were considered are styrene acrylonitrile (SAN),
polyvinyl chloride (PVC) and polyethene terephthale (PET) [79]. Although these other cores are easier to use with
resin infusion and are lighter, they are generally also more expensive and can have lower mechanical properties, to
such an extent that twice as much material is needed than with balsa, also all these materials can sustain very low
temperatures without large difference on mechanical properties.

Finally, the surface of the wind turbine blade is painted with a special gelcoat to protect the composite material,
specifically the chosen resin, from damage originating from environmental exposure as UV-radiation and humidity
that cause corrosion of the blade. Epoxy gelcoat was chosen since it meets these requirements with a low cost and
since it is widely used on blades of wind turbines. For the leading edge besides this coating, a plate of aluminium will
be placed, as stated in Section 8.2. The aeroshells will consist of a 1 mm outer glass laminate, a 2 mm balsa core and
a 1 mm inner glass laminate. With these thicknesses, the aeroshell weight becomes 10.4 kg given the total blade a
weight of 20.1 kg.
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11.Nacelle Design

In this chapter the detailed design of the nacelle will be presented. The nacelle connects the blades with the tower.
Therefore the design must process the inputs of the blades and generate the inputs needed for the tower design. The
windy and cold climate of Signy Island makes the maintenance of the nacelle and the blades more difficult for the
experts to work at a rough 9 meters height. Therefore, it is strived for as least as possible components in the nacelle.
The generator and the braking system will be up in the nacelle, but the electronics will be placed in a well-insulated
housing at the root of the tower.

The generator converts the kinetic energy into electrical energy and the type that will be installed is discussed in
Section 11.1. In Section 11.2 the cooling system for the generator is defined. The structure that transfers the loads
from the rotor to the tower is shown in Section 11.3 and the braking system is shown in Section 11.4. Section 11.5
shows the hub characteristics and Section 11.6 shows the designed outer shape of the nacelle.

11.1 Generator

The generator is the main electrical component of the nacelle and converts the rotational energy of the shaft into
electrical energy. In general, variable speed and constant speed operating wind turbines exist and the corresponding
generators are variable speed and constant speed generators, respectively.

For the Signy Research Station, both maintenance and reliability are important criteria. These factors weighed the
most in the trade-off between the direct drive and the constant speed generator. The winner of this trade-off is the
direct drive generator and the most important reason for this is the absence of a gearbox. In low temperature climates
gearboxes are the most troublesome part of the turbine. Additionally, less moving parts are required which is beneficial
in the Antarctic climate [80]. The full trade-off can be found in Appendix G.

Permanent magnets or electromagnets are available for direct drive generators. A permanent magnet is an object
made from a material that is magnetized and creates its own persistent magnetic field. This means that it always
has a magnetic field and will display a magnetic behaviour at all times. An electromagnet is made from a coil of wire
which acts as a magnet when an electric current passes through it. Often an electromagnet is wrapped around a core
of ferromagnetic material like steel, which enhances the magnetic field produced by the coil [81]. Permanent magnets
will be implemented because these are more cost efficient, generate no heat, they are more compact and lighter and
require minimum maintenance [82] [83]. The latter reason weighs the most in the decision for installing permanent
magnets for the direct drive generator.

For the preliminary sizing of the generator an estimate is made of the weight and other parameters of the permanent
magnet direct drive generator. This estimate, shown in Table 11.1, is based on existing permanent magnet generators.
The manufacturers [84] [85] [86][87] of these generators can customise the generators to the requirements.

Figure 11.1: Direct drive generator schematic
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Table 11.1: Parameters generator

Parameter Values
Generator type Permanent magnet synchronous

direct drive generator
Rated angular velocity 143 rpm
Rated power 17 kW
Diameter 550 mm
Generator width 400 mm
Mass 378 kg

The starting torque of this wind turbine will approximately be 10 Nm and the efficiency of the generator will be
higher than 95%. The preliminary generator layout is shown in Figure 11.1.

11.2 Cooling System

The generator produces a large amount of heat. To prevent the generator and surrounding components from over-
heating, a cooling system will be integrated. The environment on Signy Island, being characterised by very low
temperatures and high wind speeds, allows the use of a passive cooling system and making use of it results in lower
losses in power and in minimum noise. The nacelle shell will have a hole with variable diameter on the front side and
one fixed hole on the hub. Due to the shape of the nacelle the air will flow through the interior of the shell, cooling
the generator. The bottom part of the nacelle will have a fixed hole from which the cumulated water can exit. When
the wind turbine is shut down during winter, the opening will be entirely closed. The cooling system can be visualized
in Figure 11.6.

The bottom front of the nacelle presents a semi-circle of 5 cm, while the upper part is a rounded plate with the shape
of semi ellipse with minor semi-axes of 5 cm. The height of this top plate is controlled by the servo of the electric motor
in order to have the temperature inside of the nacelle always at 30◦. The height of the hole, for each temperature
and velocity, is calculated assuming conservation of mass and energy on the control volume (the volume of air inside
of nacelle). Moreover it is assume that the generator produces 850 W of heat (5% of 17000 W ) and can be found in
Figure 11.2.

Figure 11.2: Height of the upper part of the hole

11.3 Structure

The structure will be designed to withstand the loads of the present components and to transfer the loads of the rotor
to the tower. The rotor hub, the shaft and the bedplate are the structural components that carry the largest loads.
The bedplate is the main structural component that transfers the loads from the rotor to the tower and will be the
base for the other components. The bedplate is designed to withstand the static loads and is presented in Section
11.3.1 together with the design of the shaft. The braking system is selected at the end of this section.

11.3.1 Bedplate

The bedplate is the most important structural part of the nacelle design. It transfers the loads of, among others, the
rotor, hub and generator into the tower. In view of simplicity and level of possible optimisation, it was chosen to use
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I-beams for this structure. After an analysis of the torque acting on the bedplate, it was determined that the two
I-beams would be connected to each other in order to create a torsion box. See Appendix G.1 for the actual bedplate
design process and manufacturing plan and figure 11.3a for the result. The total mass of the bedplate is 6.5 kg and
the maximum Von Mises stress is 57.7 Mpa.
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(a) Front view of bedplate with dimensions in mm

(b) Stress visualisation over single I-beam (red indicates
the highest stresses). The rotor is located to the left of
the graph.

Figure 11.3: Result of bedplate optimisation

Figure 11.3b shows the stress distribution over the I-beam. The bedplate is connected to the tower just behind the
middle of the beam. It can be seen clearly that the stress reaches its highest point, just before the loads are transferred
into the tower. The stress concentration at the right end of the I-beam is to overcome the moment of the shaft acting
on the generator.

11.3.2 Shaft

The shaft is the part that passes the rotational energy of the rotor to the generator. The main loads on the shaft are
the torsions of the rotor and generator, but also of the brake when active. Furthermore, shear force of the weight of the
rotor, shear forces of the bearings and the normal force due to drag on the rotors are present. The shaft was designed
for the worst load case, which is at maximum rotational speed with brakes full active. The design was performed in
a similar way as the bedplate. A program was developed that searches for the lightest solution possible within the
given boundaries. Since the forces acting on the shaft are similar to the bedplate a similar program was made, see
Appendix G.1. Figure 11.4b shows the result of the optimisation. As can be seen in Figure 11.5a, the shaft sprouts
into a bigger diameter at the end of the shaft. This is needed in order to let the stresses of the hub flow into the
shaft. The mass is 22 kg and the maximum Von Mises stress is 43 Mpa. The limiting case for the shaft design is the
full braking case. Figure 11.4b shows the braking situation where the red part is the location of the brakes, so this
is where the maximum Von Mises stress acts, and the blue part is inside the generator and the stress has a value of
around 35 Mpa.

6.7
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(a) Front view of shaft with dimensions in mm
(b) Stress distribution over shaft in case of braking (red
indicates highest stresses).

Figure 11.4: Result of optimisation
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11.3.3 Material

The material of both the bedplate and the shaft should withstand the heavy loads of the rotor and it should not lose
its mechanical properties in the cold environment of Signy. Steel alloys are considered a suitable material because of
high strength for low costs and special types of steel exist that can withstand the cold temperatures. Moreover, steel
is a highly recyclable material. The A537 Class 1 (Grade A) steel alloy is selected, which is the same material that
is used for the tower and the trade-off of different steel types can be found in Section H.2. The yield stress of this
material is 345 MPa which is high enough for coping with the stress induced on the bedplate and shaft including a
safety factor.

(a) Direct drive generator, including the shaft (b) Brake system

Figure 11.5: Generator and brake system

11.4 Braking System

The safety system should contain two types of brakes in order to be fail-safe according to the regulation DS-472 of the
Danish Energy Agency [88]. The pitch system is the aerodynamic brake of the wind turbine and in emergency cases
a rotor brake, which is a mechanical brake, will be needed to stop the rotor. This brake will also be used to enforce a
standstill during the maintenance operations. A disk brake is the most common option for these purposes. The disk
brake itself can be bought off-the-shelf, however the disk should be designed and attached to the shaft. It is a pneumatic
brake which can be operated manually or by an electrical signal. See Figure 11.5b for an impression of the brake system.

The maximum braking time of 15 s leads to a braking torque on the shaft to be 250 Nm. See Appendix G.3 for the
detailed calculations. In order to reduce the weight of the brake system, a trade-off has been performed between the
size of the disk and the weight of the needed brake. As can be seen in Appendix G.3, the maximum braking force of
the disk brake selected is 2.6 kN . [20] This yields a required disk radius of 10 cm with the given required torque. The
material of the disk was selected to be spheroidal graphite, because of its high heat capacity characteristics.
The mass of the disk is calculated to be 1.56 kg.

11.5 Rotor Hub

The rotor hub is one of the highly stressed components of wind turbine [89]. At the rotor hub, the rotor blades are
connected to the shaft. The hub should withstand all loads acting on the blades, both static and dynamic. For a
three or four bladed rotor a fixed hub can be used. Since the wind turbines have three blades, the this type will be
implemented. The material of the hub shall carefully be selected on high loads and the fatigue life of the material.
A spherical hub will be implemented made of A537 Class 1 (Grade A) steel, since this type can withstand the cold
temperatures and can withstand high stresses, as explained in H.2. Three holes for the blades are required. The blades
are connected to the hub through slip rings allowing the pitch angle to be changed by the pitch control system. The
hub is bolted to the perforated end of the shaft, explained in Section 11.5. This allows easy assembly on the site. The
diameter of the hub will be 0.31 m and the mass is determined to be 15 kg [90].

11.6 Shell and Cone

The shell has two main functions, the protection of the environment with creating the least amount of drag. Since the
wind turbine should cope with the extreme environment and the wind turbine is down-wind, care needs to be taken
when designing the shell shape. To cope with the harsh environment, the type of material should be resistant against
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these situations, which will be elaborated on further in this section. The shape is based on airfoil geometries to achieve
a laminar airflow for the wind turbine blades. Then, an egg-shaped volume is designed since this can follow the airfoil
geometry and is sufficiently stiff to cope with the induced stresses. Furthermore, as is explained in Section 11.2 an
opening in the nacelle is made for the cooling of the generator. The shell is required according to REQ-TE-14, that
is shall be able to be unfolded for maintenance, so the components are either attached to the bottom or to the upper
part. The cone fulfils similar functions as the shell, protection of the hub and the pitch control system and it should
not create turbulent airflow. The shape follows the shape of the shell, so the airflow is not disturbed. The mass of the
shell is 12 kg.

Material

Glass fibre is an often used material for shells and cones of the nacelle. The shell does not carry the heavy loads
and serves as protection of the components in the nacelle. The material should cope with the required temperature
difference of -50 ◦C outside and 20 ◦C at the inside. Furthermore, the outer surface should be smooth for optimal
airflow. Composite materials were considered since these are light weight with sufficient strength. Glass fibre is
selected over carbon fibre because glass fibre is less costly, less brittle and it is sufficient to withstand the prevailing
stresses. The glass fibre is combined with flax fibres. Flax fibre is a sustainable material as is explained in Section
10.5.1. The composition is 60% E-glass fibre and 40% flax fibre. This is considered the best composition considering
cost, stiffness and sustainability. Polyester will be used as resin. Epoxy does have better mechanical qualities, of which
fatigue resistance. However, the shell will not suffer from fatigue to that much extent as the blades and polyester
has sufficient mechanical properties. Moreover, it presents smooth finishing. No sandwich structure core will be
implemented since this the shape of the shell is complex, so the manufacturing costs will rise. Sufficient stiffness is
obtained by increasing the thickness of the composite material.

Figure 11.6: The nacelle and subsystems
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12.Tower and Foundation Design

Within this chapter the sizing results for the tower and foundation design will be presented. Section 12.1 covers the
structure type, Section 12.2 the tower material, Sections 12.3 and 12.4 the tower sizing for bending, buckling and
compressive stress and Section 12.5 the tower deflection. The foundation type and sizing are presented in Section 12.6
and 12.7, respectively.

12.1 Tower Structure Type

A tubular structure was selected as the basic tower structure type. One of the dominant reasons for picking a tubular
structure as opposed to a truss structure was because it was seen to interact the least with the wildlife by not offering
places for birds to sit and thus minimising the interference with the scientific observation mission of the Signy station.
Furthermore, due to the extreme weather condition ranges, a single piece tubular structure was seen as the best
solution to avoid possible structural problems with expansion and contraction of the tower, and simultaneously allow
for insulation of the electrical cables required for power transfer. For a complete overview of the tower type trade-off,
the reader is referred to Appendix H.1.

12.2 Tower Material Type

Due to the fact that the tower will be exposed to extreme negative temperatures in the Antarctics, a material able to
handle such temperatures needs to be selected. The material selected was a cold temperature steel alloy, designated
A537 Class 1 (Grade A), capable of operating at temperatures up to minus 60 ◦C [28], so the required minimum
of minus 50 ◦C is met. Such a material was selected due to the numerous decades of industrial use of steel, and
thus the acquired manufacturing knowledge associated with the material [91] [92]. Moreover, steel provides a high
strength to weight ratio for its costs as shown by the fact that more then 90% of wind turbine towers use steel for their
construction [93] [94] [95]. A dominant reason for selecting such a material was because of the highly recyclable and
sustainable nature of steel with steel being recycled at its currently theoretical maximum [96]. By using steel, which
does not lose its material properties upon being recycled, 642 kWh of energy, equivalent to 1.8 barrels of oil can be
saved with every ton of steel recycled [97]. The yield stress of the material is 345 MPa and has a Young’s modulus
of 200 GPa [28]. For a complete overview of the considerations on material the reader is referred to Appendix H.2.

12.3 Tower Sizing for Bending

The tower was sized in order to withstand the loads it would be exposed to during operations in Antarctica. Two
load cases were considered, pre-cut-out conditions, and post-cut-out survival speed conditions. Sizing of the tower
for bending stress was conducted with a weight minimisation optimisation process. The thickness, radius and stress
distributions are shown in Figures 12.1, 12.2, 12.3, 12.4, for the most critical load case which was found to be the
post-cut-out case. It can be seen that due to the very large wind conditions that are experienced in Antarctica, the
tower radius is much larger then it would be if placed in a more moderate environment. The modelling of the forces and
loads can be found in Appendix H.3 and the specific method used for bending stress sizing is described in Appendix
H.5. It should be noted that the fluctuations found in the graph are due to discretisation of the tower, and for given
infinite number of segments, with infinite radii possibilities such fluctuations would not be present.
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Figure 12.1: Radius against height of tower us-
ing discrete segments for post-cut-out load case

Figure 12.2: Thickness against height of tower
using discrete segments for post-cut-out load

Figure 12.3: Stress against height of tower using
discrete segments for post-cut-out load case

Figure 12.4: 3D Stress visualisation along tower
height using discrete segments for post-cut-out
load

As can be seen by the results, the lowest weight solution is that of constant minimum thickness and increasing tower
radius from top to bottom. In Figure 12.4 the stress distribution of the pre-cut-out operational range is shown. Due to
sizing for the very large wind speeds experienced on Signy Island, the stresses on the tower during normal operations
are much lower. The tower height was taken to be 8.8 m, twice the size of the blade length, in order to avoid any
aerodynamic interference from the ground and provide the blade enough clearance from collisions with animals on the
island. Although the tower is optimised with the above radius distribution, a linear changing radius distribution will
be used for easier manufacturing. The distribution will have a top radius of 0.077 m and a bottom radius of 0.319 m.
The reader can find additional information on the computational model programming flow in Appendix O.

Figure 12.5: Stress against height of tower using
discrete segments for pre-cut-out load case

Figure 12.6: 3D Stress visualisation along tower
height using discrete segments for pre-cut-out
operation
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12.4 Tower Sizing Buckling and Compressive Stress Considerations

In addition to the tower being sized for bending stresses, buckling and compressive stresses were also considered. The
methods for calculating the required thickness for buckling can be found in Appendix H.6. The computational method
for calculating compressive stresses can be found in Appendix H.7. The required thickness for buckling is found to be
6.6337 ·10−4 m and the compressive stresses on top and bottom where found to be lower than the maximum allowable
yield stress. This result indicates that the required thickness for withstanding buckling and the compressive stresses on
the tower are lower than the required thickness for bending stresses and maximum allowable yield stress, respectively.
Thus it is seen that the bending stress load case is the dominant one and so the tower size is as described in Section
12.3.

12.5 Tower Deflection

The tower deflection was calculated by using both engineering beam theory and Castigliano’s method. The mean radius
and mean thickness were used for calculations using beam theory, and a linear distribution was used for Castigliano’s
method. The full descriptions of the two methods can be found in Appendix H.8. The deflection is seen to be
0.097 m at survival speed load case and seen to be 0.011 m during normal operational wind speed range through the
Castigliano’s method. The deflection is seen to be 0.141 m at survival speed load case and seen to be 0.017 m during
normal operational wind speed range through the beam deflection theory method. As can be seen both methods give
similar values and as such can be used to show the validity of the methods. The methods result in a difference due
to the fact that Castigliano’s method approximates a linear distribution. Figure 12.7 and 12.8 show the calculated
deflection of the tower.

Figure 12.7: Tower deflection using mean radius
for post-cut-out load case

Figure 12.8: Tower deflection using mean radius
for pre-cut-out operation

12.6 Foundation Type

The foundation is the component that is below the ground surface and ensures that the wind energy system is fixed
to the ground. The foundation is the most heavily loaded element of the wind turbine system and thus it has to be
the most robust component. There is a high overturning moment compared to the weight of the structure of the wind
turbine. Therefore, the foundation does more work of withstanding the introduced moments due to the wind force
than the structure itself.

The wind turbine is placed on a location with shallow bedrock of amphibolites. This is a metamorphic rock and thus
very strong. The geotechnical research on the bedrock is stated in Appendix H.9. The options for the foundation type
are the rock socket and rock anchor foundations. For the rock socket a large amount of rock needs to be excavated
to implement the foundation. Due to the large footprint of the rock socket, the rock anchor foundation is used. The
trade-off for the foundation type is stated in Appendix H.10. A rock anchor foundation is used which is suitable for
shallow bedrock and relies on the strength of the rock. This foundation has a small footprint and can easily be covered
up at the end-of-life of the wind turbines as is required. Therefore, a rock anchor foundation is sustainable. The tower
connection to the foundation is an anchor bolt cage [98]. The rock anchor foundation that is going to be implemented
is shown in Figure 12.9. Appendix H.10 presents in more detail the rock socket and rock anchor foundation and why
the rock anchor is used. The implementation of the foundation on Signy Island is elaborated upon in Section 17.3.
For the concrete a surface active agent is added to the mixture to protect it from freezing and thawing damage. Many
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closely spaced small air bubbles are created in the concrete, that function as expansion chambers that relieve pressure
[99].

Figure 12.9: Rock anchor foundation [9]

The principle of the rock anchor foundation is multiple self-
drilling anchors drilled into the rock bottom with a concrete
cap on top of the anchors. The gap between anchors and cap
allows post-tensioning and retensioning of the anchors. The
gap in between the cap and the anchors is filled with soil. Due
to the extreme environment the anchors will be tensioned twice
a year, at the start and at the end of the summer season, in-
stead of annually under normal conditions [100]. Pre-stressed
anchors have several benefits. The essence of pre-stressing is
that it will hold its design load before the final construction
is completed. Steel elongation only occurs when the service
load exceeds the pre-stressed load of the bolt. The fatigue fail-
ure is minimised, since the periodic stretching and relaxing are
eliminated. Due to the pre-stressed condition the anchor will
not elongate through the grout column and therefore cracks in
the grout will not occur. This leads to anchors that are well
protected against corrosion. [101]

12.7 Foundation Sizing

The anchor bolt cage diameter is 0.94 m, the same diameter as the tower bottom diameter plus 15 cm at each side for
the tower flange at the bottom where the tower is connected to the anchor bolt cage. The diameter of the foundation
is 1.28 m, twice the tower bottom diameter. 8 rock anchors with a length of 2 m and a cross-sectional area diameter
of 25 mm are used for each turbine foundation, determined from the analysis presented in Appendix H.11, based on
rock mechanics. The depth of the concrete cap and thus the height of the anchor bolt cage is 0.6 m, based on reference
wind turbine foundations [9]. [102] [103] [104] [105] [106]

The CATIA render of the foundation can be seen in Figure 12.10.

Figure 12.10: CATIA render of the foundation
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13.Vibration & Fatigue

In this chapter the vibrational and fatigue characteristics are examined. In Section 13.1 the Campbell diagram is
generated to check for resonant conditions and Section 13.2 elaborates on how fatigue is taken into account during the
design process of the wind turbine.

13.1 Vibrational Characteristics

The vibrational characteristics of the wind turbine will be visualised using a Campbell diagram. The Campbell dia-
gram of a wind turbine allows to check for coincidence of vibration sources with natural resonances. Based on this
diagram it is possible to define frequency exclusion ranges. For the full calculation of all the elements in the Campbell
diagram, the reader is referred to Appendix I.

As can be seen in Figure 13.1, no resonant conditions occur. This is managed by keeping the minimum rotational
speed limited to 10 rad/s. This change in operation only affects the AEP to decrease by 0.2%.

Figure 13.1: Campbell diagram, minimum rotational speed 10 m/s

13.2 Fatigue

External and operational conditions cause cyclic loadings on the wind turbine. These repeated loads on the different
components can cause microscopic cracks and due to the continuous cyclic loading the crack size will grow and finally
reach a critical size which results in structural failure of the system. [107]

To optimally take into account fatigue failure of the design, the load cycle needs to be known accurately and ap-
plied to the structure and analysed in a Finite Element (FE) program. In this case only measurement data is available
for hourly wind speeds on one particular location which would be insufficient for a thorough analysis. The lack of data



48 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

combined with the limited time and expertise makes it at this stage of the design process impossible to perform a FE
analysis.

The presence of fatigue however can not be neglected during the current design phase. Therefore fatigue is taken
into account by complying with the regulations regarding fatigue design stated in the ”Design requirements for small
wind turbines” [108]. These requirements state in order to take into account fatigue failure, the Miner’s rule can be
used. This rule calculates the accumulated damage during the lifetime of a wind turbine. For the turbine to survive
the fatigue loads, this damages should be smaller than or equal to 1 as shown in Equation 13.1.

Damage =
∑
i

ni
N(γfγmsi)

≤ 1.0 (13.1)

With ni the counted number of fatigue cycles, si the stress level associated with the counted cycles including the
effect of both mean and cyclic range, N the number of cycles to failure as a function of stress obtained from the S-N
curve, γf and γm the safety factors for loads and materials respectively. The counted number of fatigue cycles can be
calculated with Equation 13.2.

n =
BndesignTd

60
(13.2)

With Td being the design life of the turbine in seconds. However at this stage the S-N curves for the specific materials
used are not available. In that case, the design requirements stipulate to account for the fatigue in the design stress,
as shown by the following equation:

σd ≤
fk

γmγf
(13.3)

In Equation 13.3 fk is the ultimate strength, γm the partial safety factor for fatigue and γf is the partial safety factors
for loads. The design requirements demand γm to be equal to 10 to account for fatigue if no S-N curves are available.
γf is equal to 1.35 for the load calculations.

The method of applying a safety factor of 10 on the design stress to account for fatigue is applied to all the relevant
parts in the wind turbine that could experience fatigue. By applying this safety factor for fatigue design requirement
REQ-TE-8 has been met. This is due to the fact that no repair to the structure must be conducted for fatigue during
its lifetime since this design methodology is implemented.
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14.Verification & Validation

To prove the reliability of the tools used in the design process, verification and validation should be performed. This
chapter will elaborate on the specific methods used to check whether the tools correctly solve the applied problem and
whether the chosen problem corresponds to reality. Section 14.1 covers the verification and validation of the separate
subsystems. In Section 14.2, a validation of the entire wind turbine is provided by comparing it with reference wind
turbines. In this way, more confidence can be obtained in the final design described in this report.

14.1 Verification and Validation of Subsystems

In this section, the verification and validation of the tools for all the subsystems will be described. Verification is
the process of checking whether the constructed program functions correctly and consists of two parts, named code
verification and calculation verification. The code verification was done to check whether the numerical code is im-
plemented correctly. This was done by verifying the correct use of formulas, units and sign conventions. In the
calculation verification, the goal becomes to further determine whether the numerical model solves the problem right
and calculates the output values in a correct way. During this process, unit and system tests are performed for each
subsystem. The verification of each subsystem (rotor blades, nacelle, tower) is treated below. If the errors are within
limits, one can say that the program is successfully verified.

To answer the question whether the numerical tools are solving the right numerical problems, the results are validated
against existing and reliable data. One can say that the better the experimental data fits the numerical results, the
better the numerical model predicts the reality. A successful validation will result in extra confidence in the numerical
program. However, since reliable data was not available for all the tools, some programs could not be validated
separately. The possible validations of the numerical codes is discussed in the corresponding subsections.

14.1.1 Rotor Blades

In the rotor blades design two main tools are used. The aerodynamic numerical tool is mainly based on the BEM-code
and is able to compute the power curve. The structural tool consists of stress and deflection calculations of the inner
box of the wind turbine blades. To prove that the tools are working properly, a verification and validation is performed.
Although the codes are made general, at some conditions, the tools are not able to run and thus provide answers.
Some of the code singularities are listed below:

� Chord calculations unit the tip

� Too small lift and drag coefficient range (required for interpolation)

� Discretisation in unequal sections

� Thickness factor of zero

� Material thickness should not exceed the box dimensions

The aerodynamic BEM code is verified by comparing the results of the developed tool with the results of an externally
provided code from Delft University of Technology. During the test, the tip speed ratio, thrust and power are compared
for a certain geometrical input and for a range of velocities. A two-bladed turbine with a diameter of 1.2 m, no blade
twist and a NACA 0012 airfoil is used to perform the verification. The differences between the two codes averaged
over the velocity range, is not exceeding 5%. In Table J.1 in Appendix J, the resulting values from the test can be
found. The still present differences can be explained by the fact that different assumptions are made. The developed
code slightly overestimates the torque and power. A BEM-code initially assumes that the force from the blades on
the flow is constant in each annular element and no radial dependency is present. In the created code a Prandtl’s tip
loss factor and Wilson-Walker 1984 CT-correction is used. However, it is unclear how the provided tool is dealing
with these assumptions. It was detected that the TU Delft tool is extrapolating the data while the developed tool is
only able to interpolate the airfoil data. Therefore only velocities at which no part of the blade is stalled are used.
The actual aerodynamic design tool uses the BEM-code for different input values to select an optimum combination.
The selection procedure is manually checked to see if this process is working as expected. Since the provided code
is obtained from a very reliable source and since the results are as initially foreseen, it can be concluded that the
developed BEM-code is working correctly based on the negligible errors.

The numerical tool that was used to design the internal box for was verified by checking the solutions provided by the
code against an analytical solution. This was done by considering one section of the blade at 2.02 m of the tip. To



50 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

facilitate the analytical calculations, quadratic distributions of Pn and Pt were assumed with maximum values of 250
and 75 N/m respectively. In addition to that, the twist angle of the blade was set to zero. Before doing the actual
comparison between numerical and analytical results, several sanity checks were performed. For example, the blade
should not be tapered if the root and tip chord are set equal, or the top part of the blade should be in compression.
No peculiarities were discovered from the sanity checks. For the unit tests, the geometric properties, load calculations,
stress computations and deflections (with constant loading and stiffness) were verified. Afterwards, the accumulated
errors were taken into account to perform the full system test. Table J.2 displays the results from the verification of
the numerical tool. A visual representation of the deflections with both numerical and analytical methods is provided
in Appendix J, as well as the positions of the booms along the cross section. It is readily visible that the errors between
the tool and the analytical calculations are all very small for the unit tests. The differences in cross sectional area and
moments of inertia are easily explained by the structural idealisation that was implemented. The boom calculations
take into account the corner skins twice leading to a slightly higher cross sectional area and a higher moment of inertia.
Because the load and moment calculations show such a small error, it can be concluded that the assumption that the
Pn and Pt loads vary linearly within each section is acceptable. The same counts for the stress comparisons that were
done in the unit tests. Only the shear flow shows differences, since a simplification is applied when using booms. The
σ and q values for the system test show the effect of the accumulated errors. It makes sense that the tool predicts
lower stresses, since it overestimated the moments of inertia slightly. The final errors in the system test are assumed
to be acceptable since they are lower than 7% and are taken into account during the design by applying safety factors
according to the design requirements for small wind turbines [108]. Thus it can be concluded that the tool correctly
solves the applied physical problem and is hence properly verified.

The lift and drag data of the airfoils is extracted from the software Rfoil. Measurement data are much more accurate
to obtain the lift and drag coefficients. However for the operational Reynolds numbers of the project wind turbine
no measurement data is available. Before relying on the Rfoil program, validation is performed by comparing real
measurement data with the software data. The comparison of the data for the root airfoil is performed with the
FX84W218 airfoil at a Reynolds number of 700,000. Since no data was available for the tip airfoil, the aerodynamically
similar airfoil NACA64418 is used at a Reynolds number of 270,000. When comparing the two data sets of the tip
and root airfoil, first of all it is clear that the drag is underestimated. Also, the slope of the lift curve slightly deviates.
Important to note is that the Rfoil deviation at the thick root airfoil is significantly larger than the thin airfoil at the
tip. When using the Rfoil data during the design, a correction is added to the airfoil data to make it more accurate.
In Figure 14.1 and 14.2 a visual presentation of the validation process is shown.

(a) Cl-α (b) Cl-Cd

Figure 14.1: Polars of NACA64418 (tip) at a Reynolds number of 270,000 for Rfoil data, measurement data and
corrected Rfoil data
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(a) Cl-α (b) Cl-Cd

Figure 14.2: Polars of FX84W218 (root) at a Reynolds number of 700,000 for Rfoil data, measurement data and
corrected Rfoil data

Not only the airfoil data proving software Rfoil has to be validated, but also the reliability of the BEM-code should
be proven. For the validation, the turbine Jonica Impianti is considered [109]. This Italian 20 kW rated horizontal
axis wind turbine has a diameter of 8 m and has a maximum rotational speed of 200 rpm. The turbine has 3 blades
and is pitch controlled. The cut-in and cut-out wind speed of this turbine are 2.5 m/s and 37.5 m/s respectively.
The geometrical properties are implemented in the developed code while the power curve is consequently compared
to the power curve provided by the manufacturer. The considered turbine has no twist and the chord distribution is
obtained by upscaling the optimum distribution such that the tip and root chord correspond to the reality. In Figure
14.3, the velocity versus power for the tool and manufacturer data is shown. The tool is slightly overestimating. As
already found during the verification process, the reality is slightly off from the calculated results. In fact this only
means that in real operations, the rated power is reached at a slightly higher velocity, implying a lower annual energy
production. After completing the validation, the developed product can be trusted with higher confidence.

Figure 14.3: Velocity versus power for the tool data and manufacturer data

14.1.2 Nacelle & Tower

Some of the units used in the programmes of the bedplate, shaft and tower are relatively simplistic. Therefore they
do not need an elaborate verification. The basis arithmetic operations performed inside these blocks are already
checked when writing the code. For the bedplate and shaft programme these units are Static Relations, Moments of
Inertia, Von Mises Stress, Buckling Check and Weight. For the tower program the Static Relations, Loads on Section,
Dimensions, Weight got the same approach. These units are verified by changing the inputs in size and sign and
performing a sanity check on the output. In all cases the units passed these tests. In the next sections the units not
covered above will be treated. There are no complete reference data to perform a proper and complete validation of
the tower, bedplate and shaft. In the next design phase it is suggested to perform a Finite Element Analysis on the
designs, followed by a full-scale test model to validate the design more extensively for all three components. With these
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planned activities it is possible to validate the vibrational characteristics, the stresses, fatigue, structural behaviour
on the cold temperatures and the deflection of the tower. Some code singularities are listed below:

� The tower height needs to be divided up into at least 2 sections for the tower tool to be able to run.

� Limitations needs to be put on the maximum and minimum radius of the tower in order for the tower tool to
run.

� For the bedplate- and shaft tool boundaries have to be set for sweeping over the dimensional properties.

Nacelle

See table J.3 in Appendix J for a more precise verification of the units.

Discretise: This unit breaks up the I-beam and shaft into discretised points where the stresses need to be calculated.
Its inputs are the geometry of the shaft or I-beam and the required maximum distance between two points. It was
checked if the output of the unit indeed has this maximum distance between two points and if the points are spaced
evenly. The unit reacted correctly to increasing flange sizes, heights and lengths. Finally, the amount of points in the
disrcetisation is checked.

Loads on Section: All the loads acting on the bedplate and shaft are considered to be distributed loads. The force of
the generator weight for example, is distributed over the width of the generator feet. It was verified if this distribution
is performed correctly over the given widths. After this the other inputs, e.g. forces and their locations, are verified.
It was checked if the forces act at the right location, using force and moment diagrams. The errors made in this are
zero with respect to the analytical model.

Figure 14.4 shows the shear forces, normal forces and bending moments acting on each section of the I-beams for a
given set of inputs. The normal force consists of the drag force of the rotor. The shaft transfers the normal forces to
the generator that transfers the loads to the tower. So the normal force will start to increase at the location of the
generator, at 0.11 m. The tower has a width of 0.20 m in this analysis and is runs from 0.13 m until 0.33 m. At
0.13 m, the tower appears and causes the slope to change of sign and decreases until the end of the tower at 0.33 m.
Behind this location, the slope increases again until the end of the generator, at 0.51 m.

The shear forces includes the weights of the components on the bedplate and the normal force of the tower. The brake
has a very small weight compared to the other components, so only a very small variation of the shear force line is
seen at 0.05 m. At 0.11 m, the first bearing is placed that results in a steep decrease at that location. The normal
force of the tower works upwards, so the steepness is reduced from 0.13 m until 0.31 m since bearing 1 does not reach
further. The second bearing experiences an upwards shear force so a steeper line is expected from 0.31 m until 0.33
m. Bearing 2 is the only contribution until 0.51 m, so a constant increasing line runs until the end of the bedplate.
The moment diagram follows directly from the shear force diagram, since the moment line is the integral of the shear
force line. This can be seen from moment diagram 14.4b. Because this analysis shows that the implementation of the
code is correct, it is therefore considered verified.

(a) Forces acting on each section (b) Moments acting on each section

Figure 14.4: Graphical results of optimisation
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Tower

Drag on Tower: The drag on the tower is dependent on the geometry of the tower and the wind speed. It is therefore
verified if the block of code uses the right geometry values for the relevant section. The input for the calculations
of the drag on the tower are the outputs given by the numerical model in an earlier stage. If these values are used
to calculate the drag by hand on the middle segment of the tower it gives a 0% difference when compared to the
numerical calculated value.

Buckling: The code block calculating whether the required thickness to withstand buckling is lower or higher than
the calculated thickness, is checked in the same manner as the code block of drag on tower. When comparing the
numerical solution for buckling thickness with the value obtained from the analytical calculations a difference of 0.25%
is found. This small offset can be explained by rounding errors.

Deflection: The deflection is calculated analytically and compared to the numerical solutions. The difference between
the two is 4.3%. This difference can be explained by the discritisation of the deflection over the entire tower in the
numerical model. The numerical model calculates the deflection for each section and adds it up to the top of the
tower, whereas the analytical model uses the entire beam and therefore takes the tower as one section.

Static Compressive Stress: The static compressive stress calculations are checked in the same manner as the code
block of drag on tower. There is a zero percentage difference, this is as expected since the same formulae and inputs
are used and the numerical model is not discretised.

Natural Frequency: The natural frequency in the numerical model is calculated for 3 different positions and
not discretised. Therefore, when comparing the numerical solution for the natural frequency with the analytical
calculations for the same input values the difference between the solutions is 0%.

14.2 Validation of Wind Turbine

In order to ensure confidence in the developed design and prove its reliability on the market, the wind turbine can be
compared with reference turbines. To this extent, data from existing horizontal axis designs is gathered and collected
in scatterplots showing the relations between two parameters e.g. power and diameter. The reference data comes
from the Catalogue of European Urban Wind Turbine Manufacturers [109]. By then evaluating the performance of
the wind turbine with respect to these reference devices, conclusions can be drawn on whether or not the designed
turbine is viable in reality. In addition to that, this procedure also serves as a validation of the interaction between
all the tools and can also provide more insight into the validity of separate tools.

Figures 14.5, 14.6 and 14.7 display the gathered data from the reference turbines as well as the datapoint corresponding
to the designed turbine. The blue dots in Figure 14.5 indicate the masses of a single blade plotted against the rotor
diameter for several comparable small wind turbines. The two dotted lines are not the trendlines belonging to these
points, but were extrapolated from relations given in [10]. The orange triangle represents the final design described in
this report. It is clear from this figure that the blades of the design have a lower weight than the blades of the reference
turbines. This is the consequence of choosing the Carbon/Flax material for the internal box design, while the blades
of the reference turbines in Figure 14.5 were all constructed out of Glass fibre composites. However, the mass of the
designed blade coincides with the relation for Carbon fibre blades from [10] and is thus assumed to be logical and
reliable. Additionally, the structural design of the blade can be considered valid to some extent since the weight is a
direct consequence from the structural design. Figure 14.6 displays the validation data for the tower diameter with
respect to tower height, with the dotted lines representing the trendlines through the data points. As for the blade
weight, the tower diameters of the designed turbine are in line with the reference data, which supports the idea that
the calculations were performed correctly and all the required aspects of the tower design were considered.
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Figure 14.5: Validation data for the mass of a single
blade versus the rotor diameter. Blue dots indicate
reference turbines, dotted lines represent relations de-
rived from [10]. The orange marker indicates the de-
signed turbine

Figure 14.6: Validation data for the top and bottom
diameter versus the rotor diameter. Dots indicate
reference turbines, with the dotted lines representing
the trendlines.

One of the most important parameters to properly validate is the diameter of the designed turbine. Figure 14.7 shows
the power of multiple reference turbines versus the diameter. If the designed turbine would show a significant deviation
from the general trend between power and diameter, it would have a much lower reliability to be viable in reality.
However, the orange marker in Figure 14.7 clearly indicates that the designed turbine exactly adheres to the general
power-diameter relation constructed with reference data, hence the diameter of the turbine (and the rated power) is
assumed to be valid.

Figure 14.7: Validation data for the power versus the rotor diameter. Blue dots indicate reference turbines, with the
dotted line representing the trendlines.
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15.Energy Supply System

Within this chapter the final design for the batteries, back-up electrical generation system and cabling will be presented.
These systems are vital in the provision of power from the system electrical system to the research station. The battery
sizing and type can be found in Section 15.1, with back-up system selection and cabling found in Sections 15.2 and
15.3 respectively.

15.1 Battery Design

For the design of the energy storage system lead acid, as opposed to lithium or nickel based batteries was selected as
the battery of choice. One of the dominant reasons for selecting this type of batteries were the low costs per Wh of
0.17 dollars [29]. Furthermore as they account for 40-45% of all battery sales worldwide [110] and have a well estab-
lished recycling process, bringing the recycling rate of such batteries to more than 97% [111] [112], and as such lead
acid batteries are a safe and sustainable choice for such storage systems. Due to the expected cycling of the system,
deep-cycle, VRLA maintenance free batteries will be used in order to achieve a longer lifetime with least maintenance
possible [113]. For a trade-off of the various battery types and aspects considered, the reader is referred to Appendix
K.1.

The battery system is required to provide 65% of installed power for an extended period of time to the station (REQ-
TE-12 ). Two size options are presented, with future clients to select one for their specific purposes. One option
provides energy for one day and as such would require the back-up system to be turned on on average around 30
times a year. This option is the recommended choice as it provides a balance between costs and sustainability. The
second option provides energy for three days with the generator needed to be turned on on average 4 times a year,
and may be an option for clients who wish to minimise carbon emissions at a higher cost. The design results of the
two options are presented below in Table 15.1. It should be noted that in order to increase the lifetime of the batteries
the maximum depth of discharge is limited to 50%, and thus the battery capacity must be twice as large as the usable
energy.

Table 15.1: Battery sizing

1 Day Energy Option 3 Day Energy Option
Energy Capacity [GJ ] 5.70 17.20
Energy Capacity [kWh] 1600 4800
Mass [t] 39 118
Cost [$] 270,000 810,000
Back-up Generator On [days/year] 30 4

The battery system will be located in an insulated enclosure with heating elements which can be used to keep the
operating temperatures above the minimum -20 °C operating temperature if required. The heating elements in the
enclosure can also be used as an energy dumping load explained in Appendix K.5 which describes the load control
strategy. Although such an enclosure is more costly and will need to be attached to the research station, the costs of
specialist cold resistant batteries would be significantly higher, with a three day equivalent system of Li-SOCL costing
more then six million dollars. Further confirmation of lead acid batteries being a viable and implementable choice in
the Antarctic environment can be found by considering the Belgium Antarctic station where lead acid batteries are
implemented successfully as an energy storage system [114].

15.2 Back-up System Selection

In the case the battery system does not have enough energy stored to meet demand at any given time or in the case
of emergencies, a back-up power system must be selected. Three types of back-up systems were considered, namely
diesel, bio-fuel and hydrogen fuel cell systems. A summary of the three systems can be found in Appendix K.2. When
evaluating possible designs for costs, reliability and sustainability, it emerged that converting the diesel (Marine Gas
Oil) generator, currently used as the primary source of energy on the BAS station, to a back-up generator setup would
be the best option. Using the current generator would reduce costs, as no new generator would be purchased, also
saving on transportation and installation of a new system. Furthermore, such generators are very reliable, as can be
seen by the use of such generators as primary energy sources, and so a good choice for an emergency system [115]
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[116] [117]. Moreover although such a system still causes green house gas emissions, by using the currently stationed
generator, the green house gases that would be used to produce and transport a new generator can be offset [118]
[119]. In addition reusing the generator would promote the ”Reduce, Reuse, Recycle” motto of waste management
hierarchy and as such promote a sustainable future [120]. The generator currently stationed is a 40 kW generator and
as such can be used both to meet peak power and provide a margin for possible increase. Hereby, both REQ-TE-6
and REQ-TE-9 are met. It is the recommendation of this group that a hydrogen fuel cell system should be explored
for future replacement of the generator, when the cost of storing and producing hydrogen have reduced, and the
technology has reached a level of maturity to safely and reliably be implemented as both a back-up system and a
energy storage system. Such a future change is recommended in order to create an emissions free energy system for
the Signy station.

15.3 Grid Connection Cabling

In order to connect the different electrical systems, cabling is needed. Several components can be identified and their
distances to the control unit can be found in Table 15.2 in addition to the required thickness of the cables. The
distance of the wind turbine to the control unit is a constraint of the noise requirement. It should be noted that there
is also a cable running from the back-up generator directly to the station in case of emergencies or failures in the rest
of the electrical system. However this generator is already installed at the station and as such is not analysed in this
section.

All cables are made from copper, instead of aluminium. This is because copper has better conductivity, better ther-
mal properties and better resistance to corrosion than aluminium [121] [122]. Although aluminium costs less (however
exact difference fluctuates with commodity markets), the advantages of copper in the Antarctic environment in terms
of maintainability/resistance to damage, in addition to the afore mentioned reasons, outweigh these costs [121] [123].

The cabling to and from the controller will run in an insulated tube on the ground. No overhead cables are used
to ensure less interference with the bird population and to protect the cables from the large winds experienced on
the island [124]. Underground cabling is not considered economically feasible due to the rock bottom at Signy and
environmentally damaging due to the permanent deformation of the rock in the case of implementation [125]. For
the full calculation of the cable thicknesses, the reader is referred to Appendix K.3. It should be noted that an extra
cable along each connection line will be placed for redundancy, thus avoiding a system shutdown in case of cable
malfunction.

Table 15.2: Cable length and thickness

Distance [m] Cable thickness [mm]
Wind turbine Generator - Transformer 10 4.6
Wind Turbine transformer - Controller 70 6.5
Controller - Battery 1 8.3
Battery - Station 5 8.3
Back-up - Controller 5 7.3
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16.System Communication & Hardware and
Software Interface

The flow of data through the system and to and from the environment will be presented in a communication flow
diagram in Section 16.1. The required sensors are included in this section. The flow of data consisting of hardware
and software of the wind energy system will be explained in Section 16.2.

16.1 System Communication

As can be seen in the communication flow diagram in Figure 16.1, there are three systems present; the wind turbine
system, the power supply system and the sensor system. The cabling and condition monitoring system are the main
connectors. The communication flows through these different systems.

Figure 16.1: System communication

The sensors are used in this design in order to provide the system itself with information about the environment and
its operations and as such they need to be protected against the environment in order to obtain reliable data. The
sensors that will be implemented are given below.
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Wind Direction Sensor and Anemometer: This instrument measures both wind direction and wind speed. An
anemometer is responsible for measuring the wind speed. The wind direction sensor measures the direction of the
wind. Since the yawing of the wind turbine is limited to 170◦, the wind direction needs to be measured to check
whether a power drop corresponds to a wind direction outside the allowable yaw angles. This sensor is placed on top
of the wind turbine, so it must be protected against the ice to obtain reliable data. Moreover, the wind turbine has
a downwind configuration and so the anemometer will operate in undisturbed flow. The sensor that will be imple-
mented is specifically developed for extreme cold climate and it has an active heating function integrated. When the
temperatures are below 0 ◦C, the heating will be switched on [126]. The power consumption is 50 kW , this is not be
significantly high. The wind speed measurement of the anemometer will not be used for accurate control applications
(like pitch or rotational speed control).

Blade Pitch Sensor: This sensor will measure the angular displacement of the blade with respect to a reference
point in the rotor hub. This sensor is placed inside the nacelle protecting it against the environment and as such the
sensor will more consistently give reliable data.

RPM Sensors: A wind turbine system in most cases has two types of rpm sensors: one measuring the rpm of
the rotor blades. These sensor are placed on the inside of the nacelle, on the shaft, so it is not affected by the cold
temperatures.

Fail-safe Operation Sensors: This is used to monitor the brake systems in the wind turbine. In the case the
aerodynamic brakes are not working the mechanical brake will take over and vice versa. This is done in order to
ensure that the wind turbine does not spin uncontrollably causing structural damage.

Torque Sensors: These sensors measure the torque on the rotor shaft. This sensor is placed inside the nacelle, where
the sensor will not be affected by the cold climate.

Piezoelectric Sensors: These sensors allow for the size of vibrations to be tracked and thus for the system to be
shut down if vibrational loads seem to exceed allowable limits. Furthermore, by keeping track of such information,
fatigue loading can be derived and checked with design values to ensure safe operation. These sensors are implemented
inside the blades. A spring is used to measure the vibrations. The material of the spring should withstand the cold
temperatures.

Optical Ice Sensor: These sensors measure the amount of ice accumulated on its optical surface. An analogy can
then be made with a reference state to determine the amount of ice in the blades.

Thermal couple: A thermal couple consists of two sensors measuring the temperatures. One is placed inside the
nacelle and the other is placed outside on the shell.

16.2 Hardware and Software Block Diagrams

The control system is composed of actuators, sensors and the central processing unit (CPU) of a servo or monitoring
system. So the CPU connects the hardware (sensors and actuators) with the software. The actuator is the part of
control system that applies a certain force in order to change, for example, an angle or a length of a chain. They are
the electric motors of the pitch system and nacelle opening, pulse actuator, pneumatic brake and back-up and dump
switch. The sensors provide the information of the state of the wind turbine and of the environment mentioned above.
The CPU is the component that ’closes the loop’. It controls the actuators with the information provided by the sensors.

The block diagrams for energy production system, de-icing system, cooling system, break system, batteries and backup
system are presented in the Appendix L, with the battery control strategy shown in Appendix K.5.
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17.Integration Plan

The integration plan, all actions taken from manufacturing until erection, for the wind turbines is presented in this
chapter. According to REQ-CO-1, the wind energy system shall be operational on Antarctica before April of the year
2020. Thus, this integration plan of the wind turbines on Signy will be completed in 6 years. Section 17.1 describes the
manufacturing plan for the rotor, nacelle and tower. The transportation plan for all components is covered in Section
17.2. Once the components are transported the wind turbines have to be assembled and erected on the designated
location in a sustainable way that complies with the Antarctic conditions, described in Section 17.3.

17.1 Manufacturing Plan

In this section the manufacturing plans for the rotor, nacelle and tower are described in Subsections 17.1.1, 17.1.2 and
17.1.3, respectively.

17.1.1 Rotor Manufacturing

Since only few blades will have to be produced, the manufacturing process should be kept simple. This is to reduce
the impact of the investment costs for the required tools. Therefore, the more complex processes like resin transfer
molding or automated prepreg lay-up are not considered due to the very high initial costs involved. To simplify
the manufacturing process, the internal stiffening box will be integrated into the aeroshells instead of producing it
separately and assembling it later. This means that the shape of the blade will be very complex hence excluding
production processes like pultrusion or filament winding. These two techniques are only useful for the construction
of symmetric and simple geometries and are also relatively expensive. The final manufacturing technique that was
chosen is vacuum bagging, which combines the cheap and easy manufacturing of the wet lay-up with the product
quality and health advantages of vacuum assisted infusion [127]. Below the main steps in the manufacturing process
are displayed:

1. Gelcoat is applied to upper and lower aeroshell molds

2. The outer resin-impregnated laminates are applied

3. The pre-milled balsa cores are applied

4. The cores are covered with laminates to obtain the required thickness

5. Both molds are covered with plastic bags and vacuum is applied to consolidate

6. Both aeroshells are exposed to a curing process

7. The two parts are removed from their molds

8. The two halves are bonded together and cured again

9. The outer surface is polished and inspected for defects

To reduce the costs and carbon footprint of the transportation of the blades, they can be manufactured by PE
composites located in Isle of Wight, United Kingdom. The company has more than 10 years of experience in producing
composite wind turbine blades and is located within 15 miles of Portsmouth, where the research ship will depart.

17.1.2 Nacelle Manufacturing

The nacelle and its subsystems have many different manufacturing techniques, since it consists of many components.
The manufacturing technique and location of the manufacturer for each subsystem are stated below. The brake, hub
and bedplate will be manufactured at the cheapest manufacturer, either in the UK or in northeast United States of
America, since the research ship and the cargo ship depart from those two locations.

Generator and Shaft: The permanent magnet direct drive generator including shaft is ’off-the-shelf’ customised for
143 rpm and 17 kW rated power and will be manufactured in China, since the leading manufacturers for permanent
magnets are located there.
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Bedplate: The bedplate will be constructed out of 3 plates of the same steel as is used for the tower, A537 Class
1 (Grade A), by casting. The plates will be welded together to form the requested I-beam. Manual shielded metal
arc welding, which is one of the most used techniques in the world, will be used. It is a cheap and versatile process,
particularly suited for steel, outdoors constructions. Due to the low required number of bedplates, the automated
welding processes, as resistance or energy beam welding, are not used since they require very high investment costs.
The bedplates can be manufactured by any metal construction factory located conveniently.

Shell and Cone: the shell and hub cone of the nacelle will be manufactured by the same company that produces
the composite blades. The shell and cone can each be constructed out of one piece by applying the vacuum bagging
technique which is also used for the blades in the United Kingdom.

Hub: The hub is a very complex shape due to the many cut-outs and thickness variations. To manufacture this steel
part, it is first casted to obtain the general shape, after which machining techniques will be applied. Due to the lack
of a symmetry axis, turning is not used. Instead, face milling will be applied to remove the necessary material and to
create the cut-outs.

Braking System: The brake of the wind turbine will be casted from spheroidal graphite to form the solid disk that
is required.

17.1.3 Tower Manufacturing

The tower manufacturing consists of the following steps to create a tower with a continuously decreasing radius from
root to tip [128] [129]. The tower can be made out of one sheet of steel [130] with a new turbine tower welding
technique, spiral welding [131] [11]. Figure 17.1 [11] shows how the turbine tower is manufactured with spiral welding.
The manufacturer Keystone Tower Systems holds the patent on tapered spiral welded structures and is located in
Sommerville, Massachusetts [132]. The foundation will be supplied by Maine Drilling & Blasting [133], who have
expertise with placing rock anchor foundations in remote areas.

1. The dimensions of the steel sheet are determined and outlined

2. The steel sheet is flame cut and primed

3. The sheet is inserted into a machine with three rollers which will shape the sheet like a conical cylinder

4. The conical cylinder is then spiral welded to make a closed section

5. A holed ring is formed that will function as the connection between tower and anchor bolt cage

6. The ring is attached to the tower by submerged arc welding

7. The tower is placed into a painting and drying tunnel

8. Shot peening is applied to avoid the propagation of microcracks on a surface

9. After the shot peening treatment the paint is applied, also to protect the tower for corrosion

10. Pipe saddles are mounted on the inside of the tower near the tip and near the root for extending the cables
coming from the nacelle

Figure 17.1: Spiral welding technique for turbine towers [11]

17.2 Transportation Plan

The components of the wind turbines are from all over the world. The blades are manufactured in the United Kingdom,
the generator in China, the other nacelle components in Europe or in the northeastern states of the United States of
America and the tower and foundation in the northeastern states of the United States. Subsection 17.2.1 discusses
the transportation to Borge Bay, Signy Island. The transportation of the system components from the cargo ship to
the wind turbines site on Signy Island is covered in Subsection 17.2.2.
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17.2.1 From Manufacturers to Borge Bay

The blades are manufactured in Europe in the United Kingdom near port Portsmouth and will be transported by truck
to Portsmouth, Great Britain. All nacelle subsystems except the generator are manufactured in Europe or northeast
United States of America and will also be transported by truck to either Portsmouth or Boston. The generator is man-
ufactured in China and will be transported by truck to the nearest port, from where it will be shipped to Portsmouth
through the Suez Channel. From Portsmouth a research ship from the British Antarctic Survey will depart to Antarc-
tica and Signy Island [134]. This research ship makes an intermediate stop at the Falkland Islands, which is British
territory [135]. Naturally, the British Antarctic Survey research ship and the cargo ship which supports a project
funded by the British government are allowed to berth at and leave from Port Stanley, Falkland Islands. The tower
is manufactured in Massachusetts, United States of America, and the foundation components, including the grouting
mixers, are supplied by a company in Maine, United States of America. The erection system and support structures
come from Minneapolis, United States of America [136]. The tower, foundation and erection system components are
transported over the road by trucks to the port of Boston. One cargo ship will transport the tower and foundation to
the Falkland Islands.

At Port Stanley, Falkland Islands, the rotor and nacelle components will be unloaded from the research ship and loaded
onto the tower and foundation cargo ship. From the Falkland Islands one ship, the cargo ship, will depart to Signy
Island, Antarctica. There is opted for using another ship than the research ship from the British Antarctic Survey,
because the foundation needs a month to harden. It is convenient to have the components and the assembly and
erection workers near Signy when work needs to be done. The research ship has an already scheduled trip to several
research stations located elsewhere on Antarctica for providing cargo and dropping off and picking up researchers. It
is scheduling-wise not possible to use the research ship during the wind turbines system assembly and erection period
at Signy Island.

The rotor and nacelle components are transferred from the United Kingdom to the Falkland Islands by a ship of the
BAS. They have two research ships which can both hold cargo, the RRS Ernest Shackleton and the RRS James Clark
Ross. The RRS Ernest Shackleton has an aft cargo hatch at the first bridge deck, a forward cargo hatch on deck
A, and an aft and a forward main cargo hold on deck B and deck C. The aft cargo hatch on the first bridge deck is
able to hold 2 ISO 20 ft containers. The forward cargo hatch on deck A is able to hold 4 ISO 20 ft containers. The
dimensions of a 20 ft container are 20 ft in length, 8 ft in width and 8 ft in height. The main cargo holds on the
lower decks are even larger, but are harder to reach. The main cargo crane can lift weights up to 30 ton with an arm
of 20 m. The ship also has a helicopter deck. The RRS James Clark Ross can hold 4 ISO 20 ft containers aft on
the deck and 1 ISO 20 ft container forward on the deck. The main cargo crane can lift weights up to 20 ton with
an arm of 20 m. This ship also has multiple cargo holds, but again harder to reach with the cargo crane. The RRS
Ernest Shackleton and the RRS James Clark Ross are shown in Figure 17.2a and 17.2b, respectively. One of these
ships, depending on their departure date from port Portsmouth and their route in the Antarctic seas will be used to
ship the components of the wind turbines to Signy Island. The costs and the carbon footprint will be reduced when
making use of the research ship as transportation resource, since the research ship will travel to the Falkland Islands
in any event. [137]

The tower, foundation, nacelle and erection mechanism components are transported from the port of Boston to the
Falkland Islands by means of a small feeder cargo ship, the smallest type of cargo ships available. Such a ship is
approximately 100 m long, has a width of 17 m and an average speed of 15 knots [138]. From the Falkland Islands
this vessel will transport all the components to Signy Island.

(a) RRS Ernest Shackleton [137] (b) RRS James Clark Ross [137]

Figure 17.2: BAS research ships
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17.2.2 From Borge Bay to the Wind Turbines Site

Large ships cannot reach the Signy Research Station due to more shallow waters at Borge Bay. From Borge Bay to the
research station, a smaller vessel with a platform is needed. A Meercat workboat [139] shown in Figure 17.3a, which
supplier is located only 3 miles from Port Portsmouth, is used to transport the components of the wind turbines from
Borge Bay to Factory Cove, where the research station is located. The workboat has to make several roundtrips in
order to transport all components. The workboat will navigate from the suppliers location through the bay to Port
Portsmouth. From there it will be attached to the side of the research ship. At the Falkland Islands the workboat
will be lowered, navigate its way to the cargo ship and be attached to the side of the cargo ship.

(a) Meercat workboat [139] (b) Foremost Husky 8 [140]

Figure 17.3: Transportation media

Once the components have arrived at the coast, they need to be transported to the site near the research station where
the wind turbines will be erected. A Foremost Husky 8 with a cargo deck and a two man cabin can be used, shown in
Figure 17.3b [140]. It can operate under extreme conditions and on a variety of grounds. The Husky can be readily
equipped with an excavator, drilling rig and crane. This eliminates the need for seperate machines [140]. The Husky
8 will be driven from Calgary, Canada to the port of Boston from where it will depart with the cargo ship.

17.3 Assembly and Erection Plan

When the cargo ship has reached Borge Bay the grout mixers, the Husky 8 with the foundation components and
excavator, drilling rig and crane equipment will be transported to the Signy Island coast with the Meercat workboat
which will have to make multiple roundtrips between cargo ship and land. The drilling tool prepares the cylindrical
holes in which the anchor bolt cage, steel can and reinforcements will be placed. The excavator tool removes the loose
rock from the foundation site. The foundation can be laid conform the procedures described below [101]. The grout
is mixed at the site in the grout mixers. From the foundation sizing 2130 dm3 concrete is needed. Two grout mixers
which can hold 350 dm3, standard size, each will be used for the placing of the concrete.

1. Drilling the rock until it is loose

2. Removing the rock with an excavator

3. Drilling the self-drilling anchors in the rock bottom

4. Grouting the shafts where the anchors are placed

5. Placing outer cylindrical can in hole

6. Placing soil for layer in between rock bottom and concrete cap

7. Placing a first layer of concrete

8. Setting the anchor bolt cage

9. Placing concrete cap with reinforced steel

10. Tensioning the anchors

4 pipes are pushed into the surface of the concrete cap when it is still wet to create gutters where the wires are placed
that conduct the current introduced in the system by lightning. The wires are insulated, but not at both ends. One
end is connected to the tower once it is erected, the other end will be brought into contact with the rock anchors.

The nacelle subsystem are integrated into the shell at Signy Island. The rotor and nacelle are on the ground assembled
to the 8.8 m high turbine tower. The blades are transported as seperate components and assembled at the site. The
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last step is to attach the rotor hub to the generator shaft. This is all assembled with the tower laying down on supports
on the ground. A vertical gin pole wind tower raising system is used to erect the wind turbine. This structure can
take up to 3 tons and erects towers up to 14 m [136].

Figure 17.4: Wind turbine erection

Figure 17.4 presents the turbine erection lay-out with the fully assembled wind turbine on the ground. A tirfor sets
the turbine upright. This erection strategy is not labour intensive. One person is needed to lever the tirfor, one person
needs to check that all connection points are clear from obstruction and two persons need the check the state of the
tower during the erection process of which one is supervising the erection.

During erection different loads are acting on the tower than during operation. When the cable from the tirfor is
attached at half the tower height, 4.4 m, the bending moment at the lifting point is 54 kNm. The tower is designed
to withstand a bending moment of 150 kNm at that lifting point location, so the tower will not fail during erection.
[108]

When the tower is standing up straight, the tower is bolted to the rods of the anchor bolt cage extending above the
concrete. The conductive wires for lighting strikes are then attached to the tower. Once all the above steps have been
completed, the turbine system can be brought to operational readiness, where all electrical and mechanical connections
are checked, and calibrated for energy production.
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18.Operations, Maintenance and Logistics

This chapter will elaborate on the operational aspect of the wind turbine system, as well as the maintenance and
logistics that are required for it. First of all, the performance monitoring system will be explained since this is of
primary use for checking the operational performance of the wind turbine system and allows for investigating the
proper working of the important systems in Section 18.1. Next, the operations will be described in detail, for different
situations during the operational life in Section 18.2. In addition Sections 18.3 and 18.4 will present the maintenance
procedures and logistical aspects that are required to ensure proper use of the wind energy system.

18.1 Performance Monitoring System

In order to monitor the wind turbine and its system, a semi-autonomous system is implemented which checks the status
of several components and outputs. The performance monitoring system is part of the larger ’Performance Monitoring
and Control System’. The monitoring process may be carried out online, to provide real-time feedback of condition;
or offline in which data is collected at pre-defined time intervals using measurement systems. The monitoring system
measures the performance of the wind turbine in terms of power and wind speed and also checks anomalies. Wind
turbine performance depends on wind speed. This monitoring system measures the performance of the turbine in
terms of power and wind speed and checks for anomalies.

The parameters that are measured are: power output, wind speed/direction, pitch angle, nacelle temperature, ro-
tational speed and torque. Each of these parameters are measured with sensors that are described in Section 16.1.
Redundant sensors are used to make sure the measurements are reliable. The three wind turbines will also be com-
pared to each other to help in determining whether a component or a sensor is failing.

The performance of the turbine is checked by comparing the measured wind speed and power output data with the
power curve. Every second the data is sent to the station, where a computer analyses the outputs. If the power output
deviates by 5% from the power it should give for a certain wind speed for 2 days, an error light will go off in the
station and a log of the data of the last 2 days will be sent to the UK specialist. The average power and wind speed
data of a time period of 10 seconds is taken, to ensure that no gusts set off the failure system. The wind direction is
also checked, to see whether the turbine is in maximum yaw. If the wind speed is coming from a direction to which
the turbine cannot turn, the power output will not match the correct wind speed. This is because the wind speed is
measured independent of the direction to which the turbine turns.

Several components are also monitored for anomalies:

� Rotational Speed: The rotational speed is checked to ensure it does not exceed a maximum.

� Nacelle Temperature: The nacelle temperature is monitored to observe the generator. The temperature
should not surpass a predetermined maximum.

� Torque: The torque is also tracked to make sure it does not surpass the maximum torque the generator can
handle.

� Pitch Angle: The pitch angle is monitored to check if the pitch control system is working. In case of a failure,
no pitch angle change will be detected.

If the monitoring system detects an anomaly in any of these components, the station is warned by an error signal and
the turbine is shut down. The UK specialist is informed and the data of the hour up until the failure is sent. Based
on this data, the UK specialist will decide if the component needs to be repaired or replaced.

18.2 Operations of System

Although it might seem that the wind turbines are autonomous systems that provide power to the research station
without the need of human interference, operational management is still needed to ensure safe and reliable power
production. During normal operations of the wind turbines, one researcher will be appointed the task of ’Operations
Manager’ and will be trained accordingly. This person will be responsible for the daily management of the turbines,
as well as the coordination of special situations like shut-down or start-up of the system.
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During normal operations, the wind turbines will autonomously provide power to the research station and the on-
board control systems will regulate the power production. However to evaluate if the system performs as desired, the
performance monitoring system must collect the required data as stated above. The task of the Operations Manager
is to send the data of the previous 24 hours to the responsible UK contacts, accompanied by a small log report stating
possible anomalies or issues that were encountered. Thus the Operations Manager acts as a liaison and the actual per-
formance evaluation of the system will be performed by a specialist in the UK. Additionally, the Operations Manager
will perform an inspection of the site and wind turbines each week. The site inspection covers gates, fences, access
tracks and electrical infrastructure. In addition to a checklist set up by the technicians, the Operations Manager can
use visible, olfactive and auditive senses to perform the inspection. Finally, the Operations Manager is also in charge
in case of an alert that emerges from the monitoring system. In case of a critical alert like overheating of the generator
or failure of the pitch system, the Operations Manager will immediately contact the responsible technician crew in
the UK for support and take the required actions from within the research station.

Apart from the daily operations, some other situations need to be considered as well. Since the station is currently only
manned during summer, the wind turbines can be out of operation for approximately 8 months of the year since there
will be (almost) no power demand during this period. Therefore, the entire system will be entered into a ’hibernating
mode’ before the scientists leave the station. This is achieved by pitching the blades towards the wind and locking
the rotor into a fixed position to park the turbine (the yawing of the turbine will not be fixed). Since the de-icing
system is only useful at the leading edge (where ice can build up during normal operations), it will not be turned
on during the hibernating period. The control system inside the turbine will be shut off from within the system as
required, and the performance monitoring system itself will enter a hibernating mode. This means that the system
will not measure all the parameters nor will it measure every second. Only critical parameters will be measured from
time to time, as for example the rotation of the rotor (which should be zero), the temperature inside the nacelle and
the pitch angle. The measurements can be taken with ever increasing time intervals, if the trends show no significant
changes in the parameters. In case of an anomaly (e.g. the blades start rotating, or the temperature in the nacelle
increases significantly) or at the end of every week, the data is sent to the specialist in the UK who can safely monitor
the integrity of the turbine. The required power for the hibernating mode will be provided by the battery station that
is charged fully before leaving the station. With 1600 kWh of energy stored in the batteries, it is possible to provide
270 W of power continuously for 8 months, which will be amply sufficient for the monitoring system. On top of this,
it is also better for the lead acid batteries to discharge them rather then not using them at all.

When the scientists return in the summer, the system is returned from its hibernating mode and the components are
thoroughly checked before producing power again. The yearly maintenance session of the turbines will then also be
performed, see Section 18.3. The central computer unit checks all the sensors inside the turbine and the Operations
Manager performs the necessary inspections. When all systems are cleared for operation, the wind turbines are released
from the parked position and they can enter the normal operations phase again.

18.3 Maintenance of System

To be able to ensure an operational lifetime of 15 years for the wind turbine system, it is important to perform proper
maintenance, for which two types are distinguished. The first type is corrective maintenance which consists of re-
pairing failed components, while the preventive maintenance is performed to avoid the system of having a breakdown
and keep the equipment working properly [141]. The maintenance of the system shall be limited to 1 session per year
(REQ-TE-15 ), mainly since it is expensive to transport a skilled maintenance crew to Signy Island. To limit corrective
maintenance as much as possible, it is important to estimate the failure rates of the different components [142], as
shown in Section 6.1. Using these failure rates, several components are given extra attention to reduce the risk of
early failure. A thorough preventive maintenance session each year is also useful to limit the amount of corrective
maintenance, so that some parts can be replaced before they lead to a system failure. Finally, the performance moni-
toring system can provide valuable insight into which components need extra attention during the yearly preventive
maintenance system, thus reducing the need for corrective maintenance.

The preventive maintenance sessions will be performed at the start of every summer season. The first scientists will then
arrive at the station with the research ship, accompanied by a maintenance crew. After performing the maintenance
of the wind energy system, the maintenance crew departs again with the research ship to the other stations located in
Antarctica to perform technical maintenance tasks there. Every five years, a more thorough maintenance session will
be performed by externally hired maintenance experts. In Appendix M, a list of the required maintenance tasks for
the yearly maintenance session is given. This task list is based on a schedule that was designed for offshore turbines in
addition to the maintenance manual of the WT 6000, a reference wind turbine used at the Belgian Princess Elisabeth
station [143].
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18.4 Logistics

Logistics is defined as all the support provided to operate and maintain the turbines. The different support units will
be determined and briefly explained. The spare parts that are produced and stored will also be shortly examined.

Support

The support is made up of several crews:

� Operations Manager: The Operations Manager is a scientist who has undergone training to provide on-base
support for the turbine. He visually inspects the turbine and he is in charge of sending the data and reports to
the UK specialist.

� Technicians Crew: The technicians crew is the team that accompanies the first group of researchers that
arrives at Signy station in the summer. They will be trained appropriately to perform the yearly maintenance
of the wind turbines, after which they go to the next stations along with the research ship.

The next persons are hired externally:

� UK specialist: The UK specialist analyses the data which is sent to him by the operational manager. Based
on the data he determines what kind of maintenance needs to be done.

� External maintenance crew: The external maintenance crew is in charge of repairing and replacing critical
failed parts and to do full system checks every five years (see Appendix M). In case of an unexpected failure, the
specialist can inform the crew to immediately go to Signy Island for corrective maintenance.

Equipment

Several different tools and parts are bought and brought to the station. The erection system will remain on Signy and
will be used when a turbine needs to be taken down to repair. Several small tools will also be stored at the station.
All other tools that are needed for repairs will be brought by the maintenance crew with each visit. A small amount
of spare parts is stored at the station. These consist only of parts that can be bought in bulk, e.g. brakes, which need
to be replaced every year.
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19.Sustainability Implementation and En-
vironmental Impact

The sustainability and the environmental impact of the system are important factors when implementing the system.
Section 19.1 discusses the sustainable development strategy. The optimised carbon footprint of the system, from
manufacturing to the end-of-life disposal phase, is determined in Section 19.2. The noise and visual impact of the
system on the environment on Signy Island are covered in Section 19.3. In Section 19.4 the carbon footprint of the
wind turbines system is compared to the carbon footprint of the diesel generator currently used.

19.1 Sustainable Development Strategy

A widely used definition of sustainable development is obtained from the Brundtland Commission of the United
Nations [144]. They describe sustainable development as ’the ability to make development sustainable to ensure that
it meets the needs of the present without compromising the ability of future generations to meet their own needs’ [145].
With the definition of sustainable development in mind it is important to know how to incorporate this definition in
the design of the wind energy system. In Subsection 19.1.1 the plan of addressing this definition in the design and life
cycle is stated and the contribution of wind energy to sustainability is explained in Subsection 19.1.2.

19.1.1 Sustainable Development Plan

The sustainable development of the wind energy system at the Signy station is one of the key design objectives. This
is also mentioned in the mission statement. Several requirements can be linked to this sustainable objective, in an
environmental, social or economic way. The design process, production, utilisation, support and the disposal at the
end of life should be executed as sustainable as possible. The long-term sustainable goals of the energy system are:

� Reduction of waste to limit the harm to the Antarctic environment;

� Reduction of the emissions to limit the contribution of the wind energy system to global warming;

� Be an example for other research stations in the Antarctic region considering sustainability

The sustainable development plan to achieve these long-term goals is defined by the requirements. Regarding the
carbon footprint the carbon emission needs to be minimised during the process from design to end-of-life disposal and
the use of fossil fuels needs to be limited. Furthermore, the noise and visual impact in the environment need to be
minimised. During the planned actions particular attention should be given to the above mentioned goals.

19.1.2 Contribution of Wind Energy to Sustainability

Sustainability is largely influenced by three dimensions; environment, economic and social. Sustainability can be
discussed in a structured way by considering these three domains [146]. The overwhelming consensus of scientific
opinion is that human activities, particularly the emission of greenhouse gases, are the cause of global warming. The
energy sector is by far the biggest source of these emissions. Also the limited fossil fuel reserves emphasize the need
for sustainable and renewable sources of energy. The potential of wind power is enormous and offers many advantages
concerning the three dimensions of sustainability. [147]

Environment Dimension: Turbines produce no particular emissions that contribute to the pollution of water and
air. Wind power is pollution-free during operation and does not contribute to global climate change. Other power
sources produce large amounts of greenhouse gases, while the gases are negligible for wind energy systems. Only
during manufacturing, installation and maintenance of the devices emissions are produced. Additionally, wind is a
renewable energy source that is inexhaustible in contrast to the exhaustible fossil fuels. Wind energy systems are more
in harmony with the environment than most other energy sources.
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Social Dimension: The use of wind turbines reduces the dependency on foreign fossil fuels of different regions and
countries significantly. This locates the energy sector into the local economy. It also creates a larger diversity in
the energy sources around the world. The use of wind energy on Antarctica will make research able to be done in a
sustainable way. Other research stations or institutions in remote areas can learn from the wind turbine design on
Signy Island and implement the design choices in a similar environment.

Economic Dimension: Wind is a freely available energy source. It does not need to be mined or transported and it
limits the operational costs of the electrical generation. The cost of electricity from fossil fuels and nuclear power may
fluctuate greatly while the wind energy cost are largely fixed. Wind energy projects create new jobs from engineers
up to lawyers, for long and short periods.

19.2 Optimised Carbon Footprint

The total sets of greenhouse gas emissions of the manufacturing, transportation, erection and back-up system are
transformed and summed to calculate the carbon footprint of the wind turbine. Among the renewable energy tech-
nologies, wind power is estimated to be among the lowest life cycle emitters of greenhouse gases. However, given the
remote location of the Signy station, to achieve low values of carbon footprint a strategy to minimise waste has to
be implemented. The requirements for the carbon footprint are that the wind energy system shall have a minimised
carbon footprint and that a waste management plan shall be constructed for the entire life cycle of the wind energy
system. The carbon contribution of manufacturing, transportation and erection are covered in Subsection 19.2.1 and
the carbon footprint of the back-up generator in Subsection 19.2.2. The contribution of the end-of-life disposal is
discussed in Subsection 19.2.3. Maintenance operations are not taken into account in the carbon footprint since they
are unpredictable. Note that the carbon footprint is calculated for three wind turbines.

19.2.1 Carbon Footprint Due to Wind Turbines Integration

Manufacturing

The carbon footprint of the manufacturing processes of the wind turbine are roughly divided over the five main parts
of the wind turbine, since they represent almost the entire carbon footprint of manufacturing. For every main part
the carbon footprint created by manufacturing is subdivided into the carbon footprint created by the fabrication of
the material and the fabrication of the part by using the fabricated material.

The foundation consists mainly out of concrete and steel. The total mass of concrete needed for the 3 foundations of
the wind turbines is calculated to be 5760 kg this gives a carbon footprint of 3000 kg CO2. The foundation consist also
of an anchor bolt cage, rock anchors and numerous rebars. These steel parts of the foundation are estimated to weigh
800 kg per wind turbine, so 2400 kg for the three foundations. The manufacturing of these steel parts, considering
tubes [148], creates 0.857 CO2 (kg/kg), so for the 3 foundations together this gives 2060 kg CO2.

Another main part of the wind turbine system is the tower. The tower consist of primarily steel, with possibly some
extra coating on the outside but this is neglected. The mass of one turbine tower is 738.5 kg so for the 3 wind turbines
2215.5 kg. The same value as for the foundation steel is used, 0.857 CO2 (kg/kg), this results in a total carbon
footprint for the towers of 1900 kg CO2.

The manufacturing of the rotors will also create a carbon footprint. The material used for the blades is ”Carbon Flax
Hybrid Composite with Super Sap 1100 53% Bio Based Epoxy”, however for this specific material no information
related to its carbon footprint is available. Therefore the most relevant information available to this type of material
is the carbon footprint of carbon fibre reinforced polymer used in the automotive industry, with a value of 29.5 CO2

(kg/kg) [149]. The weight of the rotor is 75 kg. This gives for the 3 rotors in total a weight of 225 kg and results in a
carbon footprint of 2215 kg CO2 for the three rotors.

The manufacturing of the generator is the most time and cost intensive process of the nacelle manufacturing. However,
since no sources are available on the carbon footprint of the manufacturing of the nacelle and its subsystems, a factor
of 25% of the total carbon footprint of manufacturing excluding the battery system will be applied for the generator
manufacturing and equals 2300 kg CO2.

The manufacturing of lead-acid batteries has a carbon footprint of 0.9 kg CO2 per kg battery [150]. This comes to
106,200 kg CO2 for when the battery stores energy for 3 days (back-up generator runs for 4 days a year) and 35,100
kg CO2 for when the battery stores energy for 1 day (back-up generator runs for 30 days a year).
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Transportation

The transportation of the blades and tower from the manufacturer to the harbour are neglected since they are man-
ufactured very close to the port in Boston or Portsmouth. The generator and shaft are shipped from China and
with its 400 kg it has a carbon footprint of 390 kg CO2 [151]. The Foremost Husky 8 is manufactured in Calgary,
Canada. With a distance of 4000 km, a weight of 40,000 kg [140] and a carbon emission of 130 g CO2 per tonne·km
for transportation over the road by heavy trucks [152], the carbon emission is 20,800 kg CO2. The foundation and the
grout mixers are from Maine, United States of America. They have a weight of 5760 kg, since the foundation volume
is 2130 dm3 in total from the foundation sizing and the concrete has a density and mass of 2.4 kg/dm3 and 900 kg,
respectively. The anchor bolt cage and reinforcements weigh 2100 kg. A distance of 250 km results in 285 kg CO2

emission. The erection system and support structures are from Minneapolis, United States of America and with a
distance of 2250 km and mass of 900 kg [136] the carbon emission is 265 kg CO2. The nacelle subsystems are manufac-
tured in Europe. With a weight of 300 kg and an estimate of 1500 km the emission is 60 kg CO2 for the transportation.

Ships will depart from Great Britain and one from Boston. The carbon footprint of the research ship that departs
from Great Britain is not taken into account, since this trip is already scheduled and will also depart if it would not
be used for the transportation of the wind turbine components. The route from Boston harbour to Signy Island is
approximately 13,500 km. The speed of the small feeder is 15 knots which is 7.7 m/s. The ship runs on a diesel
engine with a specific oil consumption of 174 g/kWh and a power output of 2525 kW . Burning oil results in 3.2 kg
CO2 per kg fuel burned. The CO2 emission is the total fuel consumption for the trip times the CO2 emission per kg
fuel, and results in 637,000 kg of CO2. The transportation of the system with the Meercat and Husky 8 from the ship
in Borge Bay to the wind turbines site is such a short distance that it is neglected in the carbon footprint calculation.

19.2.2 Carbon Footprint Due to Back-up Generator

Depending on the battery choice the back-up generator needs to run for different amount of days each year. If
chosen for the battery where the back-up generator needs to be turned on for 4 days each year, the carbon footprint
contribution of the diesel generator will be 37,440 kg CO2 over 15 years. If chosen for the battery where the back-up
generator needs to be turned on for 30 days each year, the diesel generator will generate 280,800 kg CO2.

19.2.3 Carbon Footprint Due to End-of-life Disposal

At the end-of-life the wind turbine should be dismantled and the parts, with exception of the foundation, should be
taken from Signy Island. There are currently three options for the disposal of the wind turbine. These options are
landfill, incineration and recycling. [153]

Landfill represents the cheapest option. However, it is not sustainable. Landfills causes serious problems on the
environment and contamination of groundwater and soil, but also on the atmosphere due to the methane generated
by decaying organic waste. Incineration is the second option which produces energy by burning materials. However,
incineration harms the environment due to the release of greenhouse gases and approximately 60% material remains
as scrap that can be disposed in a landfill or recycled. Recycling is the most sustainable option, since materials are
reused. Currently, there are two main methods of recycling wind turbines. The first one is mechanically, which greatly
reduces the scrap size to produce recyclates. The second one is thermal processing, which breaks down the scrap
material into materials and energy.

At the end-of-life of the wind turbine system the wind turbines need to be taken down and removed from Antarctica
conform the Antarctic Environmental Protocol. The protocol also states that no visible traces may be left behind.
Therefore, the foundation will stay on the same place, because more CO2 is emitted by the necessary machines than
by letting it stay. The research ship of the BAS will go to Antarctica as a scheduled trip. After visiting the research
stations and dropping off the researchers and cargo, the ship makes another stop at Signy Island [137]. Workers will
be brought by helicopter from Ushaia, Argentinia to the research ship which has a helicopter platform. The workers
will dismantle the wind turbines by first lowering the wind turbines and then cutting the blades and tower up into
pieces. The nacelle will also be dismantled. The anchors sticking out of the foundation will be cut off and grinded to
remove sharp edges. All waste is loaded onto the research ship. The ship makes a stop at Cape Town [137]. Here,
all the components are unloaded from the ship. The steel from the tower, foundation top part, bedplate, shaft and
transformer will be brought to a steel recycling site.

It is assumed that the end-of-life recycling rate of steel is 99%. However, the steel used in the wind turbine is already
from 59.4% recycled steel. This gives a net scrap percentage produced during life time of 39.6%. Roughly 1.787 tonne
of CO2 is saved for every tonne of scrap steel that is recycled. Therefore the entire carbon footprint created by the
steel used in the wind turbines can be decreased by 1570 kg CO2. [148]
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The carbon-flax-fibre-reinforced polymer blades and the glass-fibre-reinforced polymer nacelle shell can be recycled
mechanically, by cutting and milling. The recyclates are then categorised on their size and can be used as filler and
reinforcement material in new composite fabrication [154]. The permanent magnets in the generator will be recycled
and used in hardcore for road construction [155]. The rest of the generator can be recovered or modified and resold
by specialised generator recycle companies.

Lead-acid batteries are for over 98% recyclable and consist of about 70% recycled lead and plastic. [156] Therefore,
for the 1 day storage battery system a carbon footprint of 9800 kg CO2 can be subtracted and for the 3 day storage
battery system 29,700 kg CO2.

19.2.4 Total Carbon Footprint

The total carbon footprint of the wind turbines system is based on the manufacturing of the system, the transportation
of the system and tools and machines needed for integration, the contribution of the back-up diesel generator and
the end-of-life disposal. Table 19.1 presents the contribution of the carbon for each contributor and the total carbon
footprint. The total carbon footprint of the system for when the generator has to be turned on 4 days in a year, with
the 3 day battery energy storage, is estimated on 782,600 kg CO2, or 117 g CO2/kWh, and for 30 days in a year,
with the 1 day battery energy storage, 974,800 kg CO2, or 146 g CO2/kWh. The requirement on carbon emission is
met for both battery options.

Table 19.1: Total carbon footprint

Element Carbon emission
in kg CO2

Manufacturing
Foundation 5060

Tower 1900
Generator 2300

Blades 2215
Battery: 1 day storage 35,100
Battery: 3 day storage 106,200

Transportation truck
Husky 8 20,800

Foundation + grout mixers 285
Erection and support 265

Nacelle subsystems 60
Transportation ship

Generator 390
Wind turbines system 637,000

Back-up generator
4-days option 37,440

30-days option 280,800
End-of-life disposal

Steel -1570
Battery: 1 day storage -9800
Battery: 3 day storage -29,700

Total for 1 day energy storage 974,800
Total for 3 day energy storage 782,600

19.3 Noise and Visual Impact in Environment

A wind turbine has three noise sources; tonal, broadband and low frequency. Tonal sound is sound at discrete fre-
quencies caused by gears, the generator, non-aerodynamic instabilities at the rotor blade surface and unstable flows
at holes and slits and a blunt trailing edge. Broadband sound is a continuous distribution of sound pressure with
frequencies greater than 100 Hz caused by interaction between atmospheric turbulence and the rotor blades. Low
frequency sound is sound with a frequency between 20 and 100 Hz caused by local flow deficiencies at the rotor blades.
The broadband sound is the most prominent sound. Impulsive sound is characteristic for downwind turbines, which
is caused by the tower shadow. [157]
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The sound pressure level Lp is a logarithmic measure of the effective sound pressure in dB. The sound pressure level
varies with distance from the sound source. Since the most prominent sound will be above 100 Hz and below 250 Hz
a weighting is used that approximates the response of the human ear to sounds of medium intensity. The human ear
hears a lower sound pressure level than a measuring device. The A-weighting corresponds to the broadband sound.
For a frequency between 100 and 250 Hz the A-weighting factor is -15 dB. This means that the sound pressure level
observed by the ear is 15 dB lower than the actual sound pressure level [157]. From the initial requirements there is
a constraint on the noise level. The acoustic noise resulting from the wind energy system operations shall not exceed
40 dB(A) at the research station [158]. Due to this requirement there is a maximum rotational speed at a certain
distance from the research station according to Equation 19.1 [159], based on small wind turbines, where Ω is the
rotational speed in rad/s, D the rotor diameter in m and R the distance from the hub in m. Since there are three
wind turbines and Equation 19.1 is only correct for one wind turbine, the sound pressure level will be lowered from
55 to 50 dB. This is the equivalent sound pressure level for a little over 3 turbines and less than 4 turbines, since dB
is a logarithmic unit.

Lp = 50log(ω) + 60log(D)− 27− 20log(R) (19.1)

The maximum rotational speed is 15 m/s and the maximum measured sound pressure level is 50 dB for a sound
pressure level sensed by the human ear of 40 dB(A). From Graph 19.1, where the red line corresponds to the right
vertical axis and the blue line to the left vertical axis, it can be seen that the wind turbines have to be placed at least
70 m away from the research station. Since the design is based on pitch regulated blades, the blades will not stall, and
thus there will be no noise contribution due to stalling. Furthermore, since the design is based on variable speed, the
wind turbines will be quieter at lower wind speeds than a constant speed turbine. These two factors are favourable for
a low sound pressure level. Even though the sound pressure level of the wind and background noise is over 40 dB(A),
the determination of the wind turbines location will still be based on these calculations to make sure the wind turbines
will not be annoying noise source for the researchers. Next to the researchers the wildlife will also not be influenced
by the wind turbine noise. The mammals and birds on the island communicate with higher frequency sounds [160].

Figure 19.1: Distance from station and sound pressure level as function of rotational speed

For the visual impact potential shadow flickering is considered. The day with the longest daylight is considered,
December 21 for in 2014. The wind turbines are placed south-south-west with respect to the research station, indicated
with the red square in Figure 19.2 [12]. The black lines indicate the shadow direction and normalised shadow length.
The wind turbines will not have a shadow on the station on the longest day. The other days throughout the year the
sun will come less out of south-eastern and south-western direction. Therefore, the wind turbines will never leave a
shadow, year-round, in the direction of the research station, and thus never on the research station. Shadow flickering
will not occur.

19.4 Sustainability Comparison

If instead of the wind turbine system the diesel generator that is already present at the research station stays in
operation, the carbon footprint of the power system would be much higher. A diesel generator generates 250 kg of
CO2 per MWh produced [161]. Taking an operational lifetime of 15 years, taking into account a diesel generator
efficiency of 35% [162] and assuming that the wind turbines might have to operate during winter, the carbon emission
of the diesel generator is 3,416,000 kg CO2 for the operational lifetime of 15 years.
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Figure 19.2: Normalised shadow of turbines [12]

The carbon footprint of the wind turbine system for when the back-up generator has to be turned on 30 days a year is
estimated to be 974,800 kg CO2 and for when the back-up generator has to be turned on 4 days a year it is estimated
to be 782,600 kg CO2. For both battery storage options it is at least 3.5 times more sustainable to implement the wind
turbines system than to let the diesel generators run for 15 years, regarding the carbon footprint. For the determina-
tion of the carbon footprint a power output of 51 kW for the wind turbine system and 40 kW for the diesel generator
has been used. Furthermore, even if the diesel generator only has to run during summer, the carbon footprint of the
diesel generator is still over 1.75 times larger than to implement the new wind turbines system. It is the decision of
the client to go either for the 1 day battery energy storage, which implies less costs, or for the 3 day battery energy
option, which implies a lower carbon footprint and thus more sustainability.
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20.Project Cost & Electricity Cost

The Signy station is controlled by the British Antarctic Survey. This organisation provides facilities to perform
biological research on Antarctica and therefore there is no need to make profit out of the energy produced by the
wind turbine system. To present the project to potential investors, the total project cost and the electricity cost
are determined. The whole turbine investment should be captured by the price paid for the energy over the entire
lifetime. As visible in Figure 20.1, the principal components required to determine the cost of energy per kWh include
the levelised project cost and the expected annual energy production. Assessing the wind energy cost requires careful
research which is performed below. In this chapter, the levelised project cost is determined in Section 20.1. The annual
energy production is covered in Section 20.2. In Section 20.3 the electricity cost will be calculated and presented.

Figure 20.1: Key elements of costs of wind energy

20.1 Levelised Project Cost

This section will provide an overview of all the costs incurred during the entire lifetime of the wind turbine. At
the end of this section, the value for the total project cost averaged over all the years of the lifetime will be given.
This so-called levelised cost is of primary importance to determine the cost of electricity at a later stage. The key
parameters that determine the levelised cost are the investment costs, the operations and maintenance costs and the
lifetime of the wind system. Below, these parameters will be discussed in detail in order to quantify the total costs in
the end. The first cost category comprises the upfront investment cost, commonly referred to as capital cost. This is a
fixed, one-time expense that occurs in the beginning of the lifetime and is around 55% of the entire project cost. From
reference data it is concluded that the capital costs for small wind turbines can be highly variable depending on the
conditions that it is used in and the installation process. Combining the studies, the market analysis and a detailed
estimation of separate components discussed in Appendix N.1, the capital cost per kW is estimated to be e6, 882/kW
and e351, 000 in total, which meets the requirements. The different shares that are included in the capital cost are
listed below:

Wind Turbine Cost Share: This comprises the costs of all the components of the actual wind turbine and
foundation, including production and possible sub-assembly. It accounts for approximately 80% of the total capital
cost. In Figure 20.2 a visual representation is shown from the cost break-down of the different wind turbine components.

Civil Works Cost Share: This share includes the costs of transportation of the entire system, as well as its
installation on the chosen site. Also the construction of the foundation and possible support infrastructures (e.g.
transportation roads) are included. 15% Of the capital cost is required for this share.

Other Capital Cost Share: This comprises the miscellaneous costs involved, like development and engineering
costs, consultancy costs, licensing costs, etc. 5% of the capital budget have to be reserved for these extra costs.
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The next important parameter that determines the total cost is related to the operation and maintenance. Through-
out the entire lifetime, the wind turbine will undergo maintenance checks which require trained personnel and specific
tools, and spare parts as well. Additionally, the operations of the wind turbine itself increase the costs. The operations
and maintenance costs typically account for 14% of the total costs of the entire project since the maintenance of the
small turbines will probably not be too complex or resource consuming. In this case there are also batteries included
in the total cost. The third parameter is the batteries and these are a main part of the total cost, as can be seen in
Table 20.1. It accounts for 31% of the total costs.

Finally it is also important to consider the lifetime of the wind turbines to be able to describe the levelised cost. For
the wind energy system designed in this report, the lifetime will be a minimum 15 years, meaning that the total cost
will have to be divided by 15 in order to obtain the levelised cost.

By including all the previously estimated cost parameters, the total project cost is found to be e642, 000 for the
lifetime of 15 years. Dividing this by the entire lifetime, the levelised cost is determined to be e42, 800. Consider also
Figure N.1 in Appendix N to understand how the costs are actually divided amongst the years. At the beginning of
life the investment cost is made, while the costs in the other years are governed by the operation and maintenance
cost.

Figure 20.2: Cost break-down of the wind turbine components

20.2 Annual Energy Production

The annual energy production (AEP) is a measure of the total power produced during the whole year at the site. In
order to compute the annual energy production, it is necessary to combine the power curve with a probability density
function for the wind. The explanation of the method used to calculate the AEP can be found in Appendix N.2.
Taking into account the electrical component losses of 5% and the yaw limitation losses of 15%, the AEP of one 17
kW turbine is calculated to be approximately 81, 517 kWh. This is equivalent to a constant production of 9.3 kW
during the whole year. The capacity factor of a power plant is the ratio of its actual output over a period of time,
over its potential output if the plant would perform constantly at full capacity. For the design of the wind turbine,
the capacity factor based on the Weibull distribution corresponds to 0.55. As is visible in the histogram of the wind
data shown in Figure N.2 in Appendix N.2, a shoulder is present. Taking into account this phenomenum, the annual
energy production of one turbine is 101, 790 kWh and the capacity factor becomes 0.68. This value is high which can
be explained by the enormously high wind speeds present at the Signy station. This proves that Signy Island is a
perfect place to build wind turbines as power generation plant.

20.3 Electricity Cost

With all the information known from the sections above, the electricity cost can be determined. The estimated cost
of wind power varies significantly, depending on the capacity factor, which in turn depends on the quality of the
wind resource and the technical characteristics of the wind turbines. Usually the cost of wind energy is expressed
as unit cost. It gives the relation between the levelised cost and the annual energy production. This parameter is
defined in e/kWh. The electricity cost for the Signy station is estimated to be e0.1402/kWh based on the histogram
distribution. In Table 20.1 a summary of the cost parameters that were described in this chapter can be found.
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Table 20.1: Total cost

Total project cost incl. batteries e642,000
Capital cost (55%) e351,000

Wind turbine (80%) e279,000
Civil work+construction (15%) e54,000
Other (5%) e18,000

Maintenance & Op-
erations (14%)

e91,000

Batteries (31%) e200,000
Levelised cost e42,800
AEP 101,790(x3) kWh
Unit cost e0.1402
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21.Market Analysis

In this chapter the competitors and sales markets will be elaborated upon. Competitors that can provide the research
station with energy are considered as well. In Section 21.1 different options are discussed that could be used on Signy
Island to provide the research station with power. The current wind turbine solutions of competitors are discussed
and compared to the Windpulse in Section 21.2. At last in Section 21.3 it is analysed in which other markets, apart
from Antarctica, the Windpulse would be of added value.

21.1 Levelized Cost of Electricity

The Signy station has a relatively low power demand and therefore only several options are feasible. The options
considered are the (bio)diesel generator, hydrogen fuel cell, offshore placement of the wind turbines and the wind
turbine considered in this report. These options are compared with each other on the criteria cost and sustainability.

The total cost per unit of energy generated is expressed as the levelized cost of energy (LCOE) this LCOE is used
to compare the costs of the different systems considered. It includes the costs of investment and the operations and
maintenance costs. [163] The LCOE values are not known for all the systems considered. Different sources calculate
it in a different manner for different time spans. Therefore [164] and [165] were used as a reference.
General LCOE values for biodiesel are not available, therefore the LCOE value of biomass is used since biofuels
(biodiesel) are made from biomass. It should however be taken into mind that the LCOE value of biodiesel will prob-
ably be higher than that of biomass. The LCOE of biomass (which is assumed to be slightly lower than for biodiesel)
and onshore wind are e 0.07 /kWh and e 0.08 /kWh, respectively [164] [165]. It can be concluded that onshore wind
is considered the better option, since the biodiesel cost would be approximately the same as for onshore but it would
be less sustainable. These values can also be compared to the LCOE of the Windpulse, which is e 0.14 /kWh. The
reason that the LCOE of the Windpulse is higher than the value of onshore wind is the fact that the Windpulse is a
small system and especially designed for the Antarctic environment. The option to use a diesel generator is considered
as well. Its LCOE will be lower than the LCOE for biodiesel, but it is not a sustainable option and therefore it is
discarded as a viable option.

The trade-off between offshore and onshore wind turbines can easily be done. On offshore locations wind energy is
more costly, but has as benefit that it experiences better wind speeds which give a higher energy output. However
Signy Island experiences already high enough wind speeds to produce the required amount of power and it is therefore
cheaper and easier to implement the wind turbines onshore.
The option to use hydrogen fuel cells is also considered, but the technology is not yet advanced enough to implement
it without risks on such a large scale. In addition, at the current stage of development it is still very costly.

If safety, sustainability and cost aspects are taken into account, onshore wind turbines are the best option for the
remotely located Signy Island. In this way the windy conditions of Signy Island are used to an advantage when
considering energy system designs.

21.2 Wind Turbines Competitors

In order to make sure the Windpulse will be selected as the wind turbine used for the BAS, a market analysis has to
be performed in the form of a competitor research. This section will discuss the results of this research.

21.2.1 Competitor Map

In Figure 21.1 a map can be seen of the competitors that were found relevant and interesting for comparison. The
competitors are located on a horizontal scale of rated power and a vertical scale of e/kWh. If specific data was not
available, averages were assumed (an efficiency of 70%, a capacity factor of 0.3 and 5% maintenance cost per year).

It can be seen that the Windpulse performs superior with respect to the competitors. With respect to the other wind
turbines optimised for Arctic environments it has a lot more power and lower price as well. The two real competitors
are the Cyclone Green Power and the Aeolos-H. Although the specifications are comparable, these are not optimised
for cold environments. As can be seen in [166] a cost increase of about 40% is needed to optimise a wind turbine for
arctic environments. Therefore the Windpulse is the best solution for the BAS.
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Figure 21.1: Competitor map placed with respect to rated power and price per kilowatt hour [13] [14] [15] [16] [17]

21.3 Sales Market

In order to improve the efficiency of the project, sales market research was performed to find alternative buyers. When
the Windpulse has proven its mission on Signy Island it can be sold to two different markets: (Ant)arctic research
facilities and the consumer market.

21.3.1 (Ant)arctic Research Facilities

Because the Windpulse proved to be the best solution if compared to its competitors, other research facilities will be
interested in it as well. The operational ranges of the Windpulse are quite wide, which makes it suitable for different
missions and (Ant)arctic locations. South Korea, China, India and Germany all erected new research stations in the
last five years. China is currently planning to build two more research stations on Antarctica [167]. This shows that
there certainly is a demand for Antarctic power production. The Windpulse should and can use this demand to its
benefit, in order to increase both sales and reputation.

21.3.2 Consumer Market

The Windpulse is optimised for cold environments, which do not only appear on (Ant)arctic locations. Areas like
Alaska, Northern Canada, Siberia, Scandinavia and Iceland are also interesting sales markets. But the Arctic itself is
also becoming a more interesting sales market for consumers. The Arctic is becoming more accessible and therefore
the USA is already starting with enforcing its stewardship [168]. The Windpulse should make use of this increasing
demand on the Arctic for non-scientific stations, such as future oil and gas stations as well. Because the Windpulse
produces about 90 MWh per year and an average household uses about 3.5 MWh per year, one single turbine could
provide energy to 25 households or a small to medium enterprise (SME’s). Therefore the Windpulse is very suitable
for remote areas in cold environments. Because the European targets on sustainable energy production require that
wind energy production doubles before the year 2020, the Windpulse can make use of this demand in these cold areas
of Europe specifically. Scandinavia and Iceland can therefore be seen as potential buyers.
The Canadian Wind Energy Association states that it wants to increase the wind energy production from 3% to
20% of the domestic electricity demand before 2025 [169]. It is expected that therefore remote households will also
start making use of wind energy more frequently and thus the Windpulse could provide wind energy in these cold
environements.
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22.Project Design & Development Logic

This chapter describes the activities that need to be executed in the post-design phases of the project. Figure 22.1
presents a block diagram of these activities.

Figure 22.1: Post-design phases activities

The first activity is finalising the detailed design, for example designing the joints and bolts etc. After the design
has been finalised a detailed business plan has to be made. This business plan must contain a description what the
goals of the company are and the plan for reaching the goals, including where to find and how to approach potential
clients. The business plan is followed by contacting potential clients for the wind turbine system. The potential clients
should be informed about the Windpulse product. If one or multiple parties show interest in the product, funding
needs to be found. This funding can come from institutions that stimulate technology, innovation and sustainable
driven projects. Once funding is obtained a scale model prototype of the rotor can be made. The rotor prototype
is tested in a wind tunnel under the extreme wind conditions present on Signy Island. The rotor will be tested on
vibration modes, torque for the power output and the thermo-electrical pulsing de-icing system. For the de-icing
system one blade will be frozen artificially and snowed upon to create a layer of ice on the surface. Then the pulses
will run through the film on the blade to measure how long it takes to remove the ice and in what extend the system is
suitable. When the scaled results for the rotor vibrations and torque are not similar to the results from the theoretical
models, one needs to go back to the design phase. If the results then are similar another model, this time 1:1 scale, can
be made, including tower and nacelle. Manufacturers to build one Windpulse are contacted and contracts are signed
with the manufacturers. A blade of the full-scale model will be subjected to a static deflection test. The Windpulse
will be integrated in an environment similar to the environment at Signy Island. There it will be subjected to tests on
vibrations, dynamic deflection, power output, pitch control, cooling system and de-icing system. Once the Windpulse
passes all these tests, the results can be published. These results are then shown to the clients to let them gain trust
in the wind turbine design. A contract for the wind turbines to be placed on Signy before April 2020, is signed with
the clients. Now the money is available to start the production of the whole system, from manufacturing, integrating,
maintaining the system to arranging the end-of-life disposal, all described in this report. During all these activities
a financial manager organises the financial aspects of the business and process. The 1:1 model can be placed after
testing on the desired location from the client or can stay on the same location for future testing of improved systems.

There is a large uncertainty on the amount of fossil fuels still available on Earth. Furthermore, burning fossil fuels
have a large impact on the increase in carbon in the air which causes extreme climate changes. Wind however, will
always be available and is therefore a great energy source to power the world with. More money and time needs to be
put into the research and development of wind turbines to help save this planet.
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23.Conclusion

Within this report it was shown how the DSE group 20 of spring 2014 at TU Delft conducted the detailed design
of a wind turbine system for the Signy area of Antarctica. Through the analysis of Signy Island, it was found that
Signy experiences extreme weather conditions with a temperature range of -38 ◦ C to 10 ◦ C and with maximum
wind speed being found as 58 m/s. Taking these environmental conditions and the exceptional wildlife found on Signy
Island into account led to the site layout and configuration of 3 horizontal wind turbines with a rated power of 51
kW (3x17 kW ). The turbines were placed 70 m from the research station and at a distance of 44 m apart in order to
reduce noise level and mutual interference respectively. In order to fully evaluate if the design was a suitable system
solution, designs were also assessed on the various risks that are imposed due to their specific implementation. Safety
and reduction of risk was achieved by applying by both safe life and fail safe design methodologies, through the use
of safety factors, conservative worst case calculation values, in conjunction with redundant components. This also
includes reducing the risk bird impact which resulted in painting one blade of each wind turbine black. Moreover
to protect the components and the structure of the wind turbine itself, the generator was cooled by using the cold
environment where a variable opening in the nacelle leads to ventilation in the nacelle and an electro-thermal de-icing
(PETD) system to implemented for the blades. In addition the control of the turbine consists of variable pitch,
variable speed control and a passive downwind yaw regulation. Three blades of 4.4 m are placed on a tower of 8.8 m
with a diameter of 0.64 m - 0.15 m from root till tip. The turbines are driven by a direct drive, permanent magnet
generator. The operation of the turbines covers a performance monitoring system and a strategy to park wind turbines
for 8 months while the research station is uninhabited . Once a year scheduled maintenance is performed by using a
predefined check list. The energy supply system, in addition to the turbines consist of a Diesel generator that is already
present on Signy and a lead acid battery system. Two options are presented: one day energy or a three day energy
systems as battery size influences the costs of the project heavily. The total carbon footprint of the system for when
the generator has to be turned on 4 days in a year, with the 3 day battery energy storage, is estimated on 782,600 kg
CO2, or 117 g CO2/KWh, and for 30 days in a year, with the 1 day battery energy storage, 974,800 kg CO2, or 146 g
CO2/KWh. These amounts are considerably less than the carbon footprint when using a diesel generator only. The
maximum rotational speed is 15 m/s and the maximum measured sound pressure level is 50 dB for a sound pressure
level sensed by the human ear of 40 dB(A). Furthermore it was calculated that shadow flicker will not occur on the
research station due to the turbine location layout. The price of electricity would be approximately 0.14 euros per
kWh and the wind turbine system costs e351, 000 . It is shown that the Windpulse performs superior with respect
to the competitors. With respect to the other wind turbines optimised for Arctic environments it has both higher
installed power and lower price as well. More money and time needs to be put into the research and development of
wind turbines in order to help contribute to the fight against climate change. Completing this report, the DSE group
of the TU Delft has designed a wind energy system to meet the power demand of the Signy Research in a sustainable
way, with future research to be focused on greater depth of detailed design and specific implementation.
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A.Requirements & Functional Evaluation

A.1 Functional Break-down Structure (FBS)
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A.2 Functional Flow Diagram (FFD)
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A.3 Requirements Discovery Trees (RDT)

Perform mission

Perform mission within 
constraints

Perform mission 
technically

Perform  mission  
technically

Provide  power
Be  in  acceptable  

condition  during  life  
time

System  handling
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Withstand  wind  
loads
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gravitational  loads
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Provide  back-‐up  
system

Provide  
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required  output
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operation  for  
minimum  time

Access  the  system
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maintanance  
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Have  a  performance  
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system

Transport  system

Erect  system
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Perform mission within 
constraints

Keep within scheduleComply with costBe sustainable
Adhere to legal 
constraints and 

regulations

Comply with human 
impact Comply with sizeMake efficient use of 

resources

Keep within design 
schedule

Keep within 
manufacturing 

schedule

Keep within 
transport schedule

Satisfy noise 
constraints

Satisfy safety 
constraints

Have an EOL 
disposal strategy

Comply with 
environmental 

impact

Satisfy waste 
constraints

Comply with carbon 
footprint

Comply with visual 
impact

Satisfy noise 
constraints

Have a sustainable 
production

A.4 Requirements

This section will present the formal description of the requirements coming from the requirements discovery tree. It
is however important to note that not every subdivision in the tree leads to a specific requirement, since some of the
subdivisions are covered by another requirement or would produce a non-verifiable requirement. These requirements
are properly constructed according to the VALID criteria. The VALID criteria serve to create a validated set of re-
quirements by considering if the requirements are verifiable, achievable, logical, integral and definite. The requirements
are listed below and are grouped according to the initial dichotomy of the requirements discovery tree. As a result, the
requirements related to the mission constraints are labelled with ”REQ-CO-”, while the technical requirements are
given the label ”REQ-TE-”. Regarding the constraints on the mission, the following requirements can be recognized:

� REQ-CO-1: The wind energy system shall be operational on Antarctica before April of the year 2020.

� REQ-CO-2: The wind energy system shall adhere to the legal constraints and regulations imposed by the
British government.

� REQ-CO-3: The wind energy system shall adhere to the legal constraints and regulations imposed by the
Protocol on Environmental Protection to the Antarctic Treaty.

� REQ-CO-4: The wind energy system shall leave no visible trace above the surface on the Antarctic continent
after its end-of-life.

� REQ-CO-5: A waste management plan shall be constructed for the entire life cycle of the wind energy system.

� REQ-CO-6: The wind energy system shall have a carbon footprint with a CO2 equivalent smaller than the
current power system averaged over its entire life cycle.

� REQ-CO-7: The total cost of the wind energy system shall not exceed e500, 000, excluding battery systems.

� REQ-CO-8: The wind energy system preliminary design phase shall be contained within the allocated schedule
time of 10 weeks.

� REQ-CO-9: The wind energy system shall have a minimum lifetime of 15 years under normal operations on
Antarctica.

� REQ-CO-10: The acoustic noise resulting from the wind energy system operations shall not exceed 40 dB(A)
measured at the research station.
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� REQ-CO-11: Fragments emerging from the wind energy systems shall under no conditions damage the BAS
resources.

The technical aspects of the mission stipulate the following requirements:

� REQ-TE-1: The wind energy system shall be able to continuously meet the power demand of the Signy
Research Station.

� REQ-TE-2: The structure shall withstand the aerodynamic loads obtained at an average wind speed of 15
m/s with gusts of maximum 75 m/s during its entire lifetime.

� REQ-TE-3: The structure shall withstand temperature variations of minimum -50◦C and maximum 20◦C
during its entire lifetime.

� REQ-TE-4: The structure shall withstand the gravitational loads during its entire lifetime.

� REQ-TE-5: The structure shall provide a bird strike prevention system.

� REQ-TE-6: The effect of surface degradation of the structure shall not reduce the output power of the energy
system below the peak power load between two succeeding maintenance sessions.

� REQ-TE-7: The structure shall withstand the entire range of operational vibrations during its entire lifetime.

� REQ-TE-8: The time for a crack to grow from detectable length until non-repairable length shall at least be
the time between two succeeding maintenance sessions.

� REQ-TE-9: The back-up power generating system shall be able to provide a minimum power of 35 kW .

� REQ-TE-10: The wind energy system shall have a power generation control strategy.

� REQ-TE-11: The wind energy system shall have a power transport control strategy.

� REQ-TE-12: The wind energy system shall have an energy storage system capable of providing power at 65%
of the average power for three consecutive days.

� REQ-TE-13: The wind energy system shall have the ability to be operated from within the polar station.

� REQ-TE-14: The wind energy system components shall be accessible at all times.

� REQ-TE-15: The maintenance of the wind energy system shall be limited to one session per year.

� REQ-TE-16: The back-up generator shall not be used to provide power during maintenance sessions under
normal operations.

� REQ-TE-17: The wind energy system shall have a continuously operating performance measurement system.

� REQ-TE-18: The wind energy system shall be transportable by means of a transport system that is able to
reach the Signy station.

� REQ-TE-19: The wind energy system shall have a sustainable erection plan complying with the Antarctic
conditions.

By inspecting the formal requirements stated above, it can be inspected that some of these requirements are quantified
by specific values. These values are the result from research into reference systems or preliminary analysis including
safety factors. In this paragraph the reasoning behind some of the quantified requirements will be briefly discussed.
The cost requirement was based on an estimation for the cost per produced kW by the system. Applying a safety
factor of 1.5 resulted in the budget limit of e500, 000. Regarding the noise annoyance resulting from the wind energy
system, a Canadian study ([170]) showed that the noise annoyance level corrected to the sensitivity of the human
ear for wind energy systems within 30 m is 40 dB(A). The technical requirements related to the wind speeds and
temperature variations were based on scientific data obtained from the British Antarctic Survey. The other technical
requirements that are given a value were constructed based on initial calculations using reference data mainly of the
Princess Elisabeth Antarctica station. [143]
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A.5 Requirements Compliance Matrix

Requirement Compliance Requirement Compliance Requirement Compliance
REQ-CO-1 REQ-TE-1 REQ-TE-11
REQ-CO-2 REQ-TE-2 REQ-TE-12
REQ-CO-3 REQ-TE-3 REQ-TE-13
REQ-CO-4 REQ-TE-4 REQ-TE-14
REQ-CO-5 REQ-TE-5 REQ-TE-15
REQ-CO-6 REQ-TE-6 REQ-TE-16
REQ-CO-7 REQ-TE-7 REQ-TE-17
REQ-CO-8 REQ-TE-8 REQ-TE-18
REQ-CO-9 REQ-TE-9 REQ-TE-19
REQ-CO-10 REQ-TE-10 REQ-TE-20
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B.Gantt Chart

Figure B.1: Gantt chart
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C.Lay-out Wind Energy System

In this Appendix, tables supporting Chapter 5 can be found. The trade-off table and reference information can be
found. Also the summary of the designed wind energy system are presented in this Appendix.

C.1 Trade-off Wind Energy Configuration

The values used for design trade-off are shown below in Table C.1.

Table C.1: Trade-off table design options

Criteria
Normalised
weight

Horizontal
Vertical
Lift

Vertical
Drag

Vertical
Drag &
Lift

Jet En-
gine

Airborne

Feasibility 0.18 5 4.5 4 3.5 3.5 3
Reliability 0.16 5 3 2 2 1 1
Sustainability 0.14 4 4 5 4 4 3
Availability 0.14 4 4 4 4 4 5
Maintainability 0.12 4 5 5 5 4 3
Cost 0.11 5 5 4 4 3 1
Complexity 0.09 4.5 5 5 4.5 3 4
Size 0.07 4 3 2 3 5 5

Total 1 4.48 4.17 3.89 3.69 3.32 2.98

C.2 Summary Wind Energy System

HAWT
# Turbines 3
Power output 3x17 kW
Rotor
# Blades 3
Radius 4.4 m
Tower
Height 8.8 m
Diameter 0.64-0.16 m
Foundation
Type Rock Anchor
Depth 2m
Radius 1.28 m
Nacelle
Generator Direct drive permanent mag-

net
Dimensions 1x1.1 m
Control
Upwind/downwind Downwind
Power control Variable pitch, Variable

speed
Direction control Downwind yaw system

Battery
Type Lead Acid
Capacity 1600 kWh
Back-up
Type Diesel Generator
Power output 40 kW
Material

Blade Box Carbon/flax with bio-based
epoxy

Blade Aeroshell Glass with bio-based epoxy
Tower Low temperature Carbon

Steel
Bedplate/Shaft Low temperature Carbon

Steel
Nacelle housing Glass with bio-based

polyester
Cost
Total e642000
Electricity e0.1402
Weight
Turbine 1248.2 kg

C.3 Power Rating & Number of Turbines

In Table C.2 and C.3, information about the wind energy system of reference Antarctic research stations is shown.
This information is used to justify the decided power rating and number of turbines.
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Table C.2: References turbine sizes

Research station Country Rated power in kW Max crew
Princess Elisabeth
[143]

Belgium 100 48

Rothera [171] Great Britain 200 100
Neumayer [172] Germany 345 45
Davis [173] Australia 250 120

Table C.3: Total power, number of turbines and power per turbine for reference research stations

Research station Total wind power
in kW

Number of tur-
bines

Power of one
turbine in kW

Princess Elisabeth [174] 54 9 6
Neumayer [175] 150 5 30
Mawson [176] 600 2 300
Dumont D’Urville [177] 12 1 12
McMurdo/Scott Base [178] 990 3 330
Sanae IV [179] 60 3 20
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D.Risk Analysis

Within this section additional discussion on system risks can be found in Section D.1 and D.2 as well as values of the
system component failure rate shown in Section D.3. Finally, the distance achieve by fragments during a catastrophe
is analysed on Section D.4.

D.1 Risk

Risk can be defined as the ”uncertainty of attaining a specific goal or requirement”[50]. Thus the risks associated with
a specific design solution are essential to the success or failure of the system.

Risk can also be seen to stem from the interaction of the likelihood of failure and the severity/consequence of a given
failure, which can be represented visually in the form of a risk map. If likelihood of failure is very high and the
consequence of such a failure is also very high then risk is seen to be very large. An expansion on the two concepts is
given here.

Likelihood of Failure: This relates to the probability that a given concept or component will fail. This can be
generally seen to originate from the level of maturity of the given technology. If the component is only conceptualised
in literature, then the likelihood of failure is considered very high. On the other side of the scale, if the component
or design is already been used in industry for long periods, then the design is assumed to have a lower likelihood of
failure. The separation of the level of maturity of a given concept can be separated into the following categories, from
most likely to least likely: feasible in theory, working laboratory model, based on existing non-wind engineering, extrap-
olated from existing wind engineering design, proven design. It should be noted that the use of statistical knowledge
of specific component failures can be used to estimate the likelihood of failure, e.g the frequency of failures in wind
turbine systems that are due to gearbox failures.

Severity of Failure: This is seen as how a given failure type effects the mission requirements, and thus the success
of the mission. If the severity of a given failure simply causes a minor inconvenience, then the consequence is deemed
as low. On the other extreme, if the consequence of a given failure is a complete break-down of the system, then the
severity of failure is considered very high, as now the system is unable to complete its mission. The separation of
the level of severity of given failures can be separated into the following categories, from least severe to most severe:
negligible, marginal, critical, catastrophic.

It must be noted when using the above for risk analysis as and that maintainability possibilities of the system are
also to be considered, including how they affect the risk map of a given design. This is of vital importance as one
may be confronted with the situation that a given component has a catastrophic consequence and high likelihood for
a given failure, but can easily be mitigated through very simple maintenance procedures, whereas another component
may have critical consequences of failure of a given component but no measures in terms of simple maintenance can
be applied to ease the problem. Thus maintainability must be used in conjunction with risk, in order to give a more
complete picture.

D.2 System Risks

� Mechanical Risks: This group incorporates risks found in the gearbox, shafts and brakes of a system. A more
complex system will bring more mechanical risks. However, other risks such as sensitivity to fatigue, material
toughness, maximum allowable stresses, and temperature resistance of the mechanical parts must be consid-
ered when examining risks to a system. As a direct drive system is used large portion of the mechanical risks
are mitigated as no gearbox is present. There are still risks however that oscillatory loading on the shaft will
cause failure of the component and subsequent failure of the generator and the turbine systems as a whole. In
addition a complete failure of the mechanical brake could cause the rotor to spin uncontrollably after cut-out
wind speed and as such overload the generator. This is, however, extremely unlikely as such an event would
also have to coincide with a failure in both the aerodynamic break and the fail safe spring within the brake system.

� Risks in Aerodynamic Elements: These risks encompass all possible risks to the aerodynamic elements of
the system, defined as the elements that have direct interaction with the airflow for the purpose of extracting
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energy from the airflow. The possible risks include, but are not limited to, corrosion, impact deformation, possi-
ble formation and growth of cracks through vibrations or environmental conditions, all of which are intrinsically
related to the chosen design and location of implementation. Due to the very large range of winds and changes
in wind speed found on Signy Island, failure due to fatigue growth on the blades leading to structural failure is
of concern, however a safety factor of 10 is applied to the design stress in order to minimise this risk as much as
possible. Furthermore disconnection of blades from the rest of the turbine due failure of connection with the hub
is a possible risk. This is due to the range of temperatures that the system is exposed to causing expansion and
contraction and as such leaving the locations where two or more material types are joined particularly vulnerable.
Moreover failure of the whole system can occur if a blade is damaged due to bird impacts, although such risks
are mitigated as the anti-collision system implemented.

� Risks in Structural Elements: These risks encompass all risks to the structure, defined as the components
which have a primary goal of handling the physical loads of the system and the environment. These risks depend
on how the design is exposed to and is dealing with, weight, load variations, possible fatigue, impacts, and
environmental interaction such as corrosion formation. These risks are related to the structural design of the
system, including its geometry and the materials used. The likelihood of damage to the tower due to bird impact
is extremely low as the tower is visible to birds. However similarly to the aerodynamic elements, due to the
large wind range fluctuations experienced risk of fatigue growth is of a concern in addition to problems with
component connections due to thermal expansion and contraction.

� Risks in Electrical System: These include risks that exists in the electrical cables, transformers and genera-
tors. These risks are related to the weather conditions a given design exposes the electrical systems to and these
risks are related to the complexity of the electrical system itself. Any one of the many electrical components,
including the generator, transformers, battery terminal, or monitoring system can break due to sudden electrical
fluctuations or enviromental stimuli causing the wind turbines to not be able to provide power to the system. If
the electrical system effects a local component then the other two turbines are still capable of providing energy.
However if the problem occurs in a central system such as the batteries or the monitoring system, then all three
turbines will be offline and the research center will be running on simply the back-up generator. Such failure
can occur due to the very low temperatures that electrical components experience in the antarctic location, and
thermal differences causing fatigue in soldered connections. In addition if the batteries are not kept thermally
insulated and above a temperature of -20 degrees Celsius, then there is a risk that the electrolyte will freeze,
cracking the battery casing and rendering the batteries inoperable. Furthermore, not only the low temperatures
of Antarctica are a problem to the electrical systems but also there is a risk that the generator cooling system
fails and as such the generator overheats due to high temperatures, leading to the turbine being offline. Finally
there is a risk that the electrical components can become short circuited if components are not completely sealed
from the rain and as such allow water to build up inside the various components.

D.3 Component Failure Likelihood

In Table D.1 the likelihood values for component failure rates are found.

Table D.1: Annual failure frequency

Component Failure frequency [-][51] [52] [53] [54][55]
Electrical System 0.045
Pitch control 0.035
Sensors 0.04
Yaw damper 0.005
Rotor blades 0.05
Mechanical Brake 0.01
Rotor Hub 0.001
Generator 0.021
Supporting Structure/housing 0.01
Shaft 0.005
De-icing 0.05
Back-up 0.004
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D.4 Distance Achieved by Fragments During a Catastrophe

During a catastrophe, if the were to turbine disintegrate, it should ensure that no fragments will hit and consequently
damage the station as required by REQ-CO-11.

Figure D.1: Damage on a wind turbine

As can be seen in the FigureD.1, several fragments of different sizes can be released from the wind turbine. A
calculation was conducted for different sizes, with a wind speed of 75m/s. The equations are derived assuming that
drag has a linear relation with velocity, and so the force in x-direction and y-direction are given as:

Fy = m · g − c · Vy (D.1)

Fx = −c.Vx (D.2)

Where F, m, g, c, v are the force for each direction, mass of the fragment, constant of gravity, drag constant and
velocity at each direction respectively. The drag constant is calculated by knowing that drag force is:

FD = c · V =
1

2
ρV 2CDA (D.3)

By integrating the force equations, the velocity of a fragment at a certain time is found. Integrating those equations
also, the position of the fragment can be determined and the ultimate equation for velocity and position are found as:

x = V0XB cos(θ)(1− e
−g·t
B ) (D.4)

VX = V0X cos(θ)e
−g·t
B (D.5)

y =
B

g
(V0Y sin(θ) +B)(1− e

−g·t
B )−B · t (D.6)

VY = V0Y sin θe
−g·t
B −B((1− e

−g·t
B )) (D.7)

Where B equals to mg/c. The maximum distance reached by the fragments is 62.3841m, thus not hitting the research
station.
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E.Investigation on De-icing Systems

This appendix will elaborate on the different de-icing systems that were considered for the wind energy system.

E.1 Black Coating

Black coating is often used in combinations with an ice-phobic coating. Black paint is a passive de-icing system and is
very cheap. When the solar intensity during icy periods is very high a black coating can be used as a de-icing system.
This method is sufficient for sites with temperatures around 0 ◦C. However, it will not prevent all icing on lower
temperature sites. [180]

E.2 Special Coating

Coatings are passive anti-icing surfaces. Coatings rely on their hydrophobic property that prevents the water from
settling on the surface and thus it reduces the ice formation. However, studies from the Fraunhofer IFAM institute
showed that hydrophobicity is only one determining factor of anti-ice properties. A hydrophobic coating is not
necessarily an anti-icing coating. An increase in ice formation occurs under specific angles. There are many coatings
tested in the lab, but there are only a few field tests, mainly for hydrophobic coatings. For the coatings where anti-
freeze proteins are coupled to the coating, the coating which makes use of chemical freezing point depression, the
coatings that contain hydrophilic centres in a hydrophobic environment and many others have not yet been proven to
be very effective. The advantage of special coatings is that they are of low cost and that they do not require much
maintenance compared with de-icing systems that require mechanical parts. However, coatings can become porous
and therefore can lose their ability to repel the ice. [181]

E.3 Electrical Heating

The electrical heating uses an electrical resistance embedded inside the membrane or laminated on the surface. The
idea is to create a water film between the ice and the surface. Once this film is created, centrifugal forces will throw
the ice away. The heating element covers only the leading edges of the blades and does not affect the aerodynamics.
The ice detector and blade surface temperature are used to control the operation of the heating system and additional
temperature sensors are installed to protect the blade from permanent damage induced by over-heating. This method
has been installed but there is no mass production yet, it is still in the prototype phase. Most recent results have
proven that this method uses 5% of the rated power. [180]

E.4 Hot Air

Hot air is blown into the rotor blade at standstill with special tubes. Blowers located in the root of each blade or
inside the hub, produce the hot air. The heat is transferred through the blade shell in order to keep the blade free of
ice. A water film is developed between the surface and the ice and the centrifugal forces will throw the ice off. The
aerodynamics and the lightning protection system will not be affected. It has a relatively high energy consumption at
high wind and temperatures around 0 ◦C. However waste heat of the generator can be used. It consumes 1% of the
total electricity production, although this relation increases with the size of blade. [180] A passive hot air system was
designed for the wind turbine, taking the advantage of the losses of the generator to heat the blade surface. However
when modeled it was proven that there was not enough energy to heat the entire length of the blade. In Figure E.1
the temperature on the blade surface and air existing between leading edge and wingbox along the length, when the
radius of a circular hole on the front of the nacelle is 16 cm, with external temperature of -10 ◦ and freestream velocity
of 10 m/s is shown. To model the temperature on the root of the blade the conservation of energy and mass for the
control volume, the interior of nacelle, is considered. In the blade it is considered that there is convective heat transfer
between the external air and the external part of the leading edge and the internal air, between leading edge and wing
box, and the internal part of the leading edge. Next to conservation of energy there is conservation of mass.
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Figure E.1: Temperature on the blade

E.5 Inflatables

Inflatable parts are an often used de-icing system to reduce the ice on aircraft wings. These parts inflate when com-
pressed air is pumped into the de-icer. Due to this the ice will break and is removed from the surface. The pneumatic
boots are ideally used after the build up of 6 to 13 mm of ice. [180] They consist of multiple layers of rubber, neo-
prene/polyurethane and nylon. Images of pneumatic boots in deflated and inflated state are shown in Figures E.2a
and E.2b, respectively.

(a) De-icing system in deflated state [182] (b) De-icing system in inflated state [182]

Figure E.2: Inflatable de-icing system that can be implemented on the wind turbine

Pneumatic de-icing systems are light-weight, require low power, are often used and have low costs [183]. The main
disadvantage is the need for intensive maintenance [180], which is difficult on Signy Island. The boots also increase the
drag and produce noise when inflated. However the total time needed for the removal of the ice is just a few seconds
and so the drag and noise are not a permanent problem. After the removal of ice a vacuum is applied to deflate the
parts. Ice expulsion can be a potential problem of this de-icing system, because chunks of ice are removed. [180]

E.6 Pulse Electro-thermal De-icing

Pulse electro-thermal de-icing (PETD) is an ice removal method using electrical pulses directly applied to an ice-
covered surface. A thin electrically-conductive film is applied to the frontal surface, with respect to the wind direction,
of the wind turbine blades as in Figure E.3a. A milliseconds-long pulse of electricity heats the film which melts a
micrometer-thin layer of ice. PETD is a nearly perfectly efficient de-icing system. The blades can be constantly kept
free of ice by applying the pulses regularly. An advantage of PETD is that the power consumption is low. Figure E.3b
shows qualitatively the temperature distribution along substrate, melted layer of ice and the ice layer. [184], [61]
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(a) Substrate, heating film and ice schematics [61] (b) Temperate distribution [61]

Figure E.3: Pulse electro-thermal de-icing system

E.7 Trade-off

The methods described above are presented in the trade-off matrix given below.

Influence on
aerodynamics

Influence on
structural
design

Feasible in
environ-
ment

Costs Sustainability Maintenance

Special coating 0 0 +/- + +/- +/-
Black coating 0 0 - ++ +/- +
Inflatables - 0 +/- +/- + -
Hot air 0 - ++ - – -
Electrical heat-
ing

0 0 + - – -

PETD 0 0 + +/- + +

Influence on aerodynamics All the methods do not influence the aerodynamics of the blades to which a ’0’ is
allocated, except the inflatables. However, these are often used in aircraft, so the influence will be acceptable.
Influence on structural design The structural design is also not a decisive property since most methods do not
influence the structure of the wind turbine, so again a ’0’ is allocated. Only the hot air has influence since tubes need
to be placed inside the blades. This is not favourable for the structure, so a ’-’ is given.
Feasibility in environment The extreme climate on Signy could influence the performances of the de-icing systems.
The black coating is the least feasible in the Arctic environment when compared to the other systems followed by the
special coating. Black coatings work are the most effective for temperatures around zero ◦, while the temperature
range on Signy most often lies at much lower temperatures. Then, the special coating works on hydrophobicity, which
may not work as efficiently for the large amounts of ice. The PETD is proven to be effective, but the hot air is the
most effective and feasible since the blades are constantly heated above 0 ◦C, so no ice can attach to the blades.
Costs: The coatings itself are not expensive and the application is without advanced production technique so these
methods score the best in the trade-off. The inflatables are widely used, so the production technique will not be very
costly since the application is easily applied. The PETD scored equally to the inflatables, since small and only a few
components are needed. The hot air and the electrical heating methods are the most expensive because these systems
are relatively large, require extra integrated components that affect the structure and are the systems are at an early
stage of development.
Sustainability It is important that de de-icing system does not pollute the environment, so a sustainable method
should be chosen. Hot air and electric heating require constant power supply, so this systems are not sustainable, so
’–’ is allocated to both these systems. The coatings are substances that are not sustainable, but these do not require
any power. The inflatables and PETD are considered to be sustainable since the material is recyclable and no power
is required.
Maintenance As is mentioned, the inflatables require much maintenance. Also, the heating systems may degrade
the material and the condition of the blades which needs to be checked regularly. These three systems score therefore
the least at this criterion. The special coating gets porous, so this must be renewed relatively often when compared
to the black coating. The PETD is a proven technology in icy climates, so this method will not be demanding in
maintenance sessions which is very advantageous on Signy.
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F.Blade Design

In this Appendix, the methods used to end up with the final blade design are explained in detail. This appendix is
complement to Chapter 10. Each decision is based on an extensive analysis consisting of multiple steps. The used
formulas and calculation flow can be found in this chapter.

F.1 Airfoil Trade-off

To determine the best suitable airfoil for this project, an airfoil trade-off is performed. Airfoils like S8, DU, FFA or
Risφ are considered as well as NACA, Wortmann and Eppler. The data of these airfoils is gathered by Xfoil and
compared. Due to the different aerodynamic requirements of the tip and root, separate trade-offs are performed for
the two parts. At the root, the operational Reynolds number is estimated to be 879902 as for the tip the Reynolds
number is taken to be 456388.

The airfoils S8, DU, FFA and Risφ are designed to be insensitive to roughness and to have a high maximum lift-to-drag
ratio. However, at the low Reynolds numbers for a small wind turbine, these airfoils do not present a good perfor-
mance. As an example, the airfoil S822 in clean conditions has a non-linear relation between the lift coefficient with
the angle of attack and stalls early and very sudden. Another disadvantage of these airfoils is that they are not free
to be used, with the exception of the DU airfoils. This means that limited information is available from measurement
data and only programmes like Xfoil can be used to estimate the performance of these airfoils. However, this software
is not accurate in predicting flow separation and thus the resulting polars might not be reliable.

The remaining airfoil families are the Eppler, Wortmann and NACA families. For the tip E591, FX63120, NACA
63615 and NACA 63415 are considered while for the root the E858, FX84W218, NACA2424 and NACA23024 are
compared. These airfoils are selected based on the good lift-to-drag ratio (major concern for tip airfoils) and a good
stall behaviour (major concern for root airfoils). Since also the roughness sensitivity is very important, the lift and drag
polars are displayed for both a clean and rough configuration (Figure F.1 to F.4). The roughness of the airfoils is sim-
ulated by forcing transition at the leading edge of the airfoils, which would also happen if the airfoil was contaminated.

When examining the polars, it can be noticed that the NACA airfoils have a poor performance when compared with
the Eppler and Worthmann families, since the maximum lift coefficient and stall angle are significantly lower and the
drag is higher. Additionally, it can be noticed that the relation between Cl and α at the root is non-linear and that
the stall behaviour is not ideal for wind turbines. Based on this reasoning the NACA airfoils are excluded from the
airfoil trade-off.

When comparing the Wortmann and Eppler airfoils, it can be observed that the minimum drag is similar for both the
tip and root and that the maximum lift coefficient of the Eppler airfoil is larger. Although this is a good indicative,
the maximum Cl/Cd ratio is higher for the Wortmann airfoils. This is also reflected in a better stall behaviour for the
tip and a later stall for the root. The FX63120, analysed for the tip, has a high relative thickness of 12% and presents
a leading edge stall. The separation bubble only bursts at really high angles of attack (30◦). When comparing the
sensitivity to roughness, it can be seen that the Wortmann airfoils do not lose so many performance as compared to
the Eppler airfoils. This can be explained by analysing the relative position of the maximum thickness. For the tip
the maximum thickness of FX63120 occurs at 30.8% of the chord while for E591 it is at 25% of the chord. For the
root, FX84W218 has its maximum thickness at 33.9% while for E858 it is at 26.6% of the chord. An airfoil with the
maximum thickness near the leading edge leads to the fact that transition and stall occur earlier than expected; for
the airfoil with maximum thickness at a large distance of the leading edge the streamlines still follow the airfoil shape
without creating high adverse pressure gradients. By the reasons presented before, the airfoil FX63120 turned out to
be the most suitable for the tip and the airfoil FX84W218 for the root.
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(a) Cl-α (b) Cl-Cd

Figure F.1: Polars of tip airfoils for clean configuration at Re = 456388

(a) Cl-α (b) Cl-Cd

Figure F.2: Polars of tip airfoils for rough configuration at Re = 456388

(a) Cl-α (b) Cl-Cd

Figure F.3: Polars of root airfoils for clean configuration at Re = 879902
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(a) Cl-α (b) Cl-Cd

Figure F.4: Polars of root airfoils for rough configuration at Re = 879902

F.2 Airfoil Selection

The airfoils for the Windpulse are selected to be FX63120 at the tip and FX84W218 at the root part of the Wortmann
family. In Figure F.5 and F.6 the lift and drag graphs are shown.

(a) Cl-α curve (b) Cl-Cd curve

Figure F.5: Airfoil curves for the root part of the blade at Re = 879902 in clean and rough configuration

(a) Cl-α curve (b) Cl-Cd curve

Figure F.6: Airfoil curves for the tip part of the blade at Re = 456388 in clean and rough configuration

The plotted data is extracted from the software Rfoil. Measurement data are much more accurate to obtain the lift and
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drag coefficients however for the operational Reynolds numbers of the Windpulse no measurement data is available.
The comparison of the measurement data and the Rfoil data is explained in detail during the validation. The errors
shown in Table F.1 are applied on the Rfoil data of the tip and root airfoils at the correct Reynolds numbers. For the
middle airfoil, the average between the tip and root errors is obtained. For the tip airfoil the performed procedure is
visualised in Figure F.7.

Table F.1: Error applied on the Rfoil data for the tip, root and middle airfoil

Airfoil location Operational
Reynolds number
[-]

Lift correction [-] Drag correction [-]

Tip 456388 −0.0038(α + 8.04) −
0.0014

0.1232

Middle 879902 −0.00378(α + 1.9) −
0.0102

0.0566

Root 681444 −0.00379(α + 4.97) −
0.0058

0.09

(a) Cl-α (b) Cl-Cd

Figure F.7: Polars of FX84W218 at a Reynolds number of 700000 for Rfoil data, measurement data and corrected
Rfoil data

F.3 Rated Velocity

The values of the rated wind velocity at which a wind turbine will produce its maximum average power has to be
determined. The method for determining the optimum rated wind velocity was based on the procedure explained in
[74]. The method relies on the average power calculation shown in Equation F.1 [74]. Therefore the power for each
wind speed and the probability of a certain speed should be known. The output power of the wind turbine being
considered is expressed by Equation F.2 [74]. The probability density function of the wind velocities is given by a
Weibull distribution based on measurement data. The a and b variables (equation F.3) are calculated by the MATLAB
software during the environmental analysis. To finally determine the optimum rated velocity for the Signy case, the
derivative of the average power with respect to the rated velocity is set equal to zero. Since this derivative is a function
of both the rated velocity, the cut-in speed and the cut-out speed, the number of variables was reduced by estimating
Vin and Vout as 0.3 and 3 times the rated velocity, respectively [74].

P =

∫ ∞
0

P (V ) · g(V )dV (F.1)
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with:

P (V ) =


0 for 0 < V < Vin

PR · V−Vin

VR−Vin
for Vin < V < Vrated

PR for Vrated < V < Vout

0 for Vout < V

(F.2)

and:

g(V ) =
b

a
· (V
a

)(b−1) · e(
−V
a )

b

(F.3)

F.4 Chord Distribution

To find the optimum chord distribution, Equation F.4 from [68] is considered. The optimum distribution means that
when this distribution is used, there will be a minimum loss of kinetic energy due to wake rotation. The used method
allows the twist and chord distribution of a blade to be determined that would provide Betz limit power production.
The only unknown parameters in the equation are the axial induction factor a, the Prandtl tip loss factor F and the
angle Φ. The third order polynomial that gives the optimum relationship between the local tip speed ratio x and
axial induction factor a can be solved for a. This relation ends up with three a values of which the value closest to
1/3 is chosen, based on the Betz limit. The corresponding optimum value for the tangential induction factor a′ can
now be calculated. With a and a′ known, the flow angle Φ can be easily determined from trigonometry of the velocity
triangle. Normally, the larger the number of blades, the smaller the chord and the variation in the chord with respect
to the radial distance will be.

The flow angle Φ is the sum of the section pitch angle θp and the angle of attack α. From this relation the optimum
twist θT can be calculated assuming that at rated speed, the blade operates at operational angle of attack. The blade
twist angle is defined relative to the blade tip taking into account the blade pitch angle at the tip θp,0. The formulas
are shown in F.6 adopted from [185].

c(x)

R
=

8πaxsin2(Φ)

(1− a)BCnλ
(F.4)

where:

Cn = Cl,optcos(Φ) + Cd,optsin(Φ) (F.5)

Φ = θp + α (F.6)

where:

θp = θT − θp,0 (F.7)

F.5 BEM Code

To calculate the power output of a certain wind turbine, the aerodynamic loads should be known. With The Blade
Element Momentum (BEM) model it is possible to calculate the steady loads and thus also the thrust and power for
different settings of wind speed, rotational speed and pitch angle. A lot of problems and required outputs may be
solved by adapting this code. It is thus important that the code is compatible for multiple problems and written in a
general form.

Since the wind turbine is not always running in optimum conditions, the third order polynomial which gives an opti-
mum relationship between a and a′ is not longer valid. This is why the BEM-method is introduced. The BEM-method
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couples the blade element theory and the momentum theory. The essence of the code is to calculate the axial and
tangential induction factors in an iterative way. These two parameters depend on the flow angle and vice versa. The
iteration continues until the differences between the updated values for a and a’ and the previous values are smaller
than ε, which is set to 0.0001. The algorithm can be summarized as eight steps. [68]

Step 1: Initialize a and a’
Step 2: Compute the flow angle Φ
Step 3: Compute the local angle of attack α
Step 4: Calculate Cl and Cd corresponding to α
Step 5: Compute Cn and Ct
Step 6: Calculate a and a’
Step 7: If a and a’ have changed more than a certain tolerance, go to step 2 or else proceed
Step 8: Compute the local loads on the segments of the blades

Since it is assumed that the different control volumes are independent, each section can be treated separately. The
eight steps can thus be performed subsequently for each individual radial section. To implement the BEM-method,
two corrections should be added to the code. The first correction is called the Prandtl’s tip loss factor. Since the
momentum theory assumes an infinite number of blades a correction should be introduced. The second correction is
the Glauert correction. When a becomes larger than a critical value, the simple momentum theory is no longer valid.
The momentum theory predicts a decrease in the thrust coefficient for large values of a, which is however not true.
Experiments have shown that CT keeps on increasing with a. Therefore empirical relations, the linear Wilson/Walker
relation and the third order polynomial Glauert relation, exist to account for the deficiency of the momentum theory.

The necessary input parameters of the BEM-code are the number of blades B, the chord distribution c(r), the twist
angle distribution β(r), the pitch angle θp, the lift coefficient Cl(α) and drag coefficients Cd(α), the radius R, the
rotational speed ω, the wind speed V0 and finally the air density ρ. The tangential and normal load distribution of all
the control volumes are the outputs of the BEM-code. With these outputs, the total shaft torque may be calculated
by summing all the moment contributions along one blade multiplied by the number of blades. Finally the output
power can be computed.

F.6 Blade Geometry and Loading

Due to the varying chord length along the wind turbine blades, the inner box will be tapered in width and height and
will become smaller towards the tip of the blade. The width and height of the box will be 0.4 and 0.1 times the chord
length respectively. Since the root sections of the blades are subjected to the highest loads and since these sections
are designed mainly for structural instead of aerodynamic reasons, the root sections of the blade will be modelled as
a rectangular shaft with a width of 60% of the maximum chord which is connected to the blade through a tapered
section. For the structural design, it is also assumed that this shaft is not loaded by the aerodynamic forces as is the
case for the other sections. The dimensions of the box are visualised in Figure F.8.

Figure F.8: Schematic representation of the structural box dimensions

It is important to know the different loads acting on the blade, so that the blade can be properly sized in order not to
fail under the applied stresses. Two of the most important loads are given by the BEM-code, namely the tangential
load and the normal load (normal and tangential to the rotor plane). These loadings are distributed along the blade
length and are the driving force behind the power extraction of the wind turbine. In addition to the normal and
tangential loads, the blade is also subjected to the weight and the centrifugal forces, the latter being caused by the
rotation of the blades. Due to the varying rotational position of the blades, it is important to consider how the effect
of the weight changes with the position of the blade. If the blade is in the upward or downward position, the weight
is only exerting a normal force on the blade, causing it to be in compression and tension respectively. At 90◦ of
these positions, the weight is only exerting a bending moment on the blade, and no normal force. In fact, the weight
component in the direction of the blade is given by Equation F.8, while the component normal to the blade is described
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by F.9. In these equations, γ depicts the rotational position of the blade with respect to the upward position.

Wtangential = W · sin(γ) (F.8)

Wnormal = W · cos(γ) (F.9)

In order for the design to be conservative and able to sustain the high loads, safety factors are applied. Since the
BEM-code provided the normal and tangential loads for all the sections and for all the velocities, the maximum values
for all the sections are used in the structural designing tool after being multiplied with a factor of 1.36, given by
[108]. The weight of each section was multiplied by 3 to account for the material that is needed to construct the outer
contour of the section and add-ons like the de-icing system. The maximum allowed Von Mises stress of the chosen
composite was divided by 10, to come up with a robust design with respect to the fatigue, [108] (see Section 13.2 for
more information on this factor). Finally, the design value for the angle γ was set to 90◦ since this position (together
with 270◦) yields the highest stresses on the structure. In addition to the loads sustained during operations, the load
case during maximum wind speeds was also considered. In that case, the blades are pitched towards the wind to
minimize the forces acting on it. After analysis, it was found that it was best to pitch the blade so that the tip has
zero degree angle of attack, which gives the root a −16◦ angle of attack. If that is done, the stresses achieved in the
blade are still much lower than the maximum allowed value and the deflections remain within limits.

F.7 Stress Calculations

A tool is constructed that finds the minimum thickness distribution of the blade needed to withstand the stresses
induced by the varying loads acting on it. The Von Mises stress at many points along the blade is calculated for
different values of the material thickness. Then, the maximum Von Mises stress is compared with the allowed value.
Finally, the weight is calculated for all the boxes that satisfy the maximum stress constraint and the solution with
the lowest weight is chosen. Also note that the width and height of the box were adjusted in order to increase the
stiffness. However this approach was limited by the thickness of the airfoils. The decision was made to not change the
airfoils to thicker types for the sake of structural stiffness, mainly since the selection of airfoils was done by keeping
the airfoil thickness in mind already. Symmetry is assumed for the thickness of the top and bottom skin, as well as the
thickness of the front and rear webs. These assumptions cause the shear centre to be located in the middle. Because of
the three dimensional taper of the inner box and because of the varying loads along the blade length, the thicknesses
will be different along the blade length. Therefore, the thickness distribution for the skins and the webs will each be
described by a factor that is multiplied with the local chord length. These two factors will be the variables that are
used (in the loops) to find the optimal box structure. Due to the different geometry of the shaft at the root of the
blades, the thickness factors at the root will be different than the ones used for the tapered box that comprises the
rest of the blade. Therefore, the numerical tool will first determine the optimum thickness factors that ensure that
the actual blade will not fail under the applied load, after which the optimum factors for the shaft are determined
separately. The factors for the shaft will be values that need to multiplied with the ones for the blade part, so the
thickness at the shaft will be a multiple of the thickness at the blade. The reader is referred to Figure O.1 of Appendix
O for a flowchart of the created numerical tool.

Discretisation: The actual stress calculations in the numerical code are performed by discretizing the box into a
finite number of elements. In each of those elements or sections, the loads and stresses will be computed. The cal-
culations will start at the tip and will advance towards the root, since the loads acting on the previous sections are
relevant to calculate the stresses in the current section. The sections are the same as the ones used in the BEM-code
for the aerodynamic design. The reason for this is that the loads resulting from the BEM-code are defined in those
particular sections. For the sake of simplicity, the geometric parameters and loads are assumed to be constant for the
entire section. To have a conservative design, the loads at the end of each section will be calculated, since they are
highest at this location.

Idealisation of structure: After the discretization and the determination of each sections geometry, the elements
are idealised using booms. This means that the webs and skins are replaced by lumped areas called booms. These
areas consist of a contribution from both skins that are adjacent to each specific boom. The use of booms allows for
easier calculations of cross sectional properties and stresses in each section. The boom areas can be determined by
the following equations:

B1 =
tD · b

6
· (2 +

σ2
σ1

) (F.10)

B2 =
tD · b

6
· (2 +

σ1
σ2

) (F.11)
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In these equations, σ1 and σ2 are the normal stresses at the booms, tD is the thickness of the skin and b is the width
of the skin between the booms. These equations are derived from equating the bending moments caused by normal
stress on an actual skin and on an idealized skin [186]. In the numerical tool, the assumption was made that the stress
ratio σ1

σ2
is equal to one, which is valid if the number of booms used is large enough (e.g. 50 booms on each side).

With this assumption, it is possible to calculate the boom areas already before knowing the actual stresses acting on
the cross section.

Loads and Stresses: After idealizing all the sections it is possible to obtain the normal forces, shear forces and
bending moments acting on the section. A right-handed coordinate system located in the tip is used, with the y-axis
pointing in blade direction towards the root and the x-axis pointing towards the blade leading edge. In this case, the
normal force (in y-direction) consists of the relevant weight component and the centrifugal force. The shear forces in
x-direction are caused by the weight component and the tangential force from the BEM-code, and the shear forces in
z-direction are the result from the normal force coming from the BEM-code. The bending moments are only in x- and
z-direction since there is no torque acting on the wind turbine blade.

When the loads on each section are defined, the normal stress and shear stress at each of the booms in every section
is calculated. The normal stress is caused by the bending moments and normal forces that are exerted on the box.
The shear stresses are the result of the shear forces explained above. To calculate the bending stress, the assumption
was made that engineering bending theory is valid. The shear stresses in the sections are found by calculating the
shear flow and dividing this by the thickness. In order to properly compare the stress values at all the booms with a
specified failure stress, the Von Mises stress is computed at all the booms. This is done by combining the shear stress
and normal stress in all section. Below several plots showing the stress distributions throughout the blade are given,
in addition to the deflections under design loads. The plots for maximum stresses during the life time are shown, as
well as the ones sustained during the maximum wind speed case of 75 m/s with blades fully pitched towards the wind.

Figure F.9: Normal stress throughout the internal
box (Pa), for the design loads considered. Blade twist
and deflections are also included.

Figure F.10: Shear stress throughout the internal box
(Pa), for the design loads considered. Blade twist and
deflections are also included.
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Figure F.11: Z-deflection of blade under design loads
with safety factor 2. The zero-value on the x-axis
corresponds with the blade tip.

Figure F.12: Von Mises stress throughout the inter-
nal box (Pa), for the loads sutained at maximum
wind speed of 75 m/s with blades pitched towards the
wind. Blade twist and deflections are also included.

F.8 Deflection Calculations

To calculate the static deflections of the wind turbine box, which is modelled as a cantilever beam, a numerical
algorithm is constructed. To calculate the deflections of a discretized cantilever beam exposed to an external loading,
the bending stiffnesses around the two principle axes, the twist angles, the internal forces and moments have to be
known at each discrete position. With this information, the deflection can be computed by considering the curvature
of the beam and consequently the angular deformations. Equations F.12 and F.13 show the equations for calculating
the curvatures about the principal axes. The decomposition of these curvatures in the z- and x-direction is given by
Equations F.14 and F.15. Finally, the deflection angles and the deflections are determined by Equations F.16 to F.19.

κ1 =
M1

EI1
(F.12)

κ2 =
M2

EI2
(F.13)

κz = −κ1sin(β + ν) + κ2cos(β + ν) (F.14)

κx = κ1cos(β + ν) + κ2sin(β + ν) (F.15)

dθx
dy

= κx (F.16)

dθz
dy

= κz (F.17)

duz
dy

= −θx (F.18)

dux
dy

= θz (F.19)

Figure F.13: Orientation of principal axes
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F.9 Blade Materials

This appendix provides more information on the design decisions made when selecting the material for the blades.
The first section provides additional information on the selection procedure for the internal box of the blades. The
second section considers the effects of the cold temperatures on the chosen material.

F.10 Material Selection

In the table below, several properties are stated for the four considered materials for the internal blade box, Glass
fiber-epoxy matrix, Carbon fiber-epoxy matrix, Aluminium 2024-T3 and Flax fiber-epoxy matrix, as well as a hybrid
material consisting of 60% Carbon fibres and 40% Flax fibres.

Table F.2: Properties of the different materials considered [23], [24], [25], [26] [18]. The composites have a fiber volume
fraction of 60%. The cost values were averaged from available ranges and can differ for each manufacturer. They
should be considered as relative values for cost.

Material Density
[kg/m3]

E-modulus
[GPa]

Ultimate
Strength
[MPa]

Specific Cost
[$/kg]

E-Glass fiber-epoxy
matrix

2100 70 1600 25

Carbon fiber-epoxy
matrix

1700 220 1700 75

Aluminium Alloy
2024-T3

2770 75 480 15

Flax fiber-epoxy
matrix

1800 65 1500 50

Carbon/Flax fiber-
epoxy

1740 158 1620 60

These properties are used together with the created numerical tools to support the material selection process. First
the stress tool was used to determine the designs in terms of thickness distributions (dependent on ultimate strength).
Then the deflections of the blades were checked (dependent on E-modulus) and the designs were altered so that they
would meet the maximum tip deflection requirement of 50 cm. This was done for the Glass fibre, Carbon fibre, Flax
fibre and Aluminium designs (the hybrid solutions is explained later).

The designs after the stress calculations had to be altered in such a way that the flexural stiffness became high enough
to limit the deflection. Increasing the stiffness was first done by increasing the width and height of the blade box.
However, this procedure was limited by the geometrical shape of the airfoils that were used. The decision was made
to not alter the chosen airfoils, thus the remaining stiffness increase had to be achieved by increasing the material
thickness. When this was done, it became clear that three out of four designs were infeasible, since the material
thickness at the root was larger than the actual height of the blade box. The only remaining design was the one
using carbon fibres, mainly due to the high E-modulus of the composite. Table F.3 shows the results of running the
numerical tools with the properties of the different materials. Even though the Glass, Flax and Aluminium designs
have infeasible thickness’s, their cost is represented for the sake of completeness.

Although the Carbon fibre design satisfies the requirements and has a relatively low cost (even lower than Glass
fibre, if that design was considered feasible), it still has a high environmental impact and requires a large amount
of energy to be produced, as shown in table F.3. Studies in [18] and [27] have therefore analysed the feasibility of
hybrid composite wind turbine blades, making use of a combination of Flax and Carbon fibres. In [27] the energy
consumption to produce different types of blades was calculated and the conclusion was drawn that the hybrid Car-
bon/Flax solution provides the best compromise between performance, cost and environmental impact. The study
in [18] showed that the ideal fiber solution, in terms of environmental sustainability is the fiber composition having
the lowest resin demand and the lowest overall energy demand. The authors then concluded that a Carbon/Flax
hybrid is indeed the most environmentally sustainable solution, and not e.g. a fully Flax blade. This is because the
Flax fibers require a high resin content while resin still has a heavy environmental burden (this is also why the Flax
composite has a similar density to the Carbon composite, while Flax fibres themselves have a much lower density).
Thus by combining Carbon and Flax, the environmental disadvantages of both fiber types are balanced by both types’
advantages. The 60 − 40 Carbon/Flax ratio was determined based on information from [18] showing that up until
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40% of Flax fibres, the blade cost is almost not increased, as visualised in figure F.14. To have an even more envi-
ronmentally sustainable design, the Flax fibre content can be increased up to 70%, however at the expense of high
costs. According to the same study, the glass fibre solutions perform worst on the environmental aspect due to the en-
vironmentally burdensome production process of the fibres, and the low specific stiffness resulting in a higher end-mass.

Figure F.14: Blade cost for small wind turbine blade with different Carbon/Flax ratio’s. [18]

Table F.3: Resulting designs for the different materials. The energy consumption values result from analysing different
types of blades as described by [27]. The values are to be considered relatively for comparison of the different materials.
No values were available for Aluminium 2024-T3. The value for glass blade was based on comparisons described by
[18] The composites have a fiber volume fraction of 60%.

Material Weight
[kg]

Cost [$] Specific Pro-
duction En-
ergy Required
[MJ/kg]

Production
Energy Re-
quired [MJ]

E-Glass fiber-epoxy
matrix

24 607 115 2790

Carbon fiber-epoxy
matrix

7 521 115 798

Aluminium Alloy
2024-T3

32 480 − −

Flax fiber-epoxy
matrix

21 1064 5 106

Carbon/Flax fiber-
epoxy

9 560 67 625

Table F.3 indeed supports the idea that the combination of Carbon and Flax results in a suitable compromise between
performance (weight), cost and environmental impact. It must be noted that to reduce the environmental impact of
the blades even further, a bio-based epoxy will be used. According to [18] and [27] this has environmental advantages
in every case of fiber type.

F.11 Temperature Effects

The Antarctic cold climate poses an additional challenge to any designer of structural components. Therefore, the
effect of cold temperatures on the composite materials that were used to construct the blades are important to con-
sider. As stated earlier, the main research focus of temperature effects on composites deals with the high temperature
region. However, cryogenic (temperature below -150 degrees Celsius) effects on composites have been investigated,
mainly for space applications.

According to [187], the shear strength of GFRP’s and CFRP’s increases at low temperatures. As a conclusion, the
author stated that cryogenic temperatures do not deteriorate the mechanical properties of a composite but will in
fact increase the shear strength. However, the author also highlighted the possible issue of micro-cracks. Since the
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matrix and fibers have a different coefficient of thermal expansion (the matrix can have an order of magnitude higher),
decreasing the temperature will lead to unequal contraction. This will then induce residual or internal stresses which
can cause micro cracking. However, the research in [187] mainly focussed on changing temperatures and on the effect
of so-called cryogenic cycles, which is not the case for the Signy Area (the temperatures are not cryogenic, nor do they
change very fast).

More applicable research was done in [188], where the effect of micro-crack occurrence when the material is loaded
at cold temperatures is investigated. The researchers concluded that the cryogenic temperatures in fact inhibited
the formation of micro-cracks when the material is loaded in this cold temperatures (so the microcracks are now due
to loading and not due to the cryogenic cycling). This is in line with the observations that the toughness decreases
for decreasing temperature and the material becomes more brittle. Since toughness is an indicator for how well the
material can absorb energy and since energy can be absorbed by creating micro-cracks, it makes sense that lower
temperatures inhibit the formation of micro-cracks due to mechanical loading. Also stated in [188] is the fact that the
temperature does not affect the ability of the matrix to transfer the applied loads to the fibers.

Based on the existing research on cryogenic temperature effects, the conclusions were drawn that the chosen composite
materials would be able to cope with the cold environment at Signy Island. The temperatures that occur there are
never as low as in cryogenic applications, nor do they vary quickly (as is the case for cryogenic cycles). The decreasing
toughness was highlighted as the major concern for the chosen material, however the mechanical properties are not
affected negatively and the blade was designed in such a way to limit the delfections and thus deformations.



113 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

G.Nacelle Design

In this appendix, additional information can be found about the nacelle. Section G.1 elaborates about the structural
components and gives the results of the dimensions and acting stresses. The generator trade-off is given in SectionG.2
and the selected brake is presented in Section G.3.

G.1 Bedplate & Shaft Design

As mentioned in the report, the bedplate is the main structural part of the nacelle and the shaft connects the rotor to
the generator. The design process for both the bedplate and the shaft is similar since they both cope with the same
forces. For the bedplate, it was determined to use two I-beams to transfer the loads into the tower. After a torque
analysis it was found that the torque resistance of the two I-beams needed to be increased. A solution was found to
connect the two I-beams in order to create a torsion box.

G.1.1 Design Process

In order to determine the optimal dimensions of these I-beams, a MATLAB program was written that calculates the
Von Mises stresses in the whole I-beam for given dimensions. This program relies on the same kind of equations as the
program of the tower optimisation. The reader is referred to Appendix H for elaboration of these structural equations.
A shell was written around this program that applies a parameter sweep to find the optimal solution with respect to
weight. The flow chart can be seen in Figure O.2 in Appendix O.

Optimisation Shell: The shell is the part where the parameter sweep takes place. It loads the whole program for
different dimensions of the I-beam and it will converge to an optimal design. Together with the given time span for
the project, it was determined to use such an algorithm.

Static Relations: Before the forces acting on each section can be calculated, first the general forces acting on the
beam need to be determined. These forces comprise of the weights of both bearings and the forces and moment of the
tower.

Moments of Inertia: This block calculates the moments of inertia and centroid locations of the sections.

Discretize: The layout of the I-beam needs to be converted into a FEM model. This block determines the location
of all the points in the I-beam.

Loads on Section: In order to calculate the stresses acting on each section, first the loads acting on those sections
need to be determined. Most of the loads are distributed loads, so only a certain percentage of all loads act on each
section.

Von Mises Stress: Using a loop, the Von Misses stress of all sections are determined. The bending stress, normal
stress and shear stress are combined in this calculation. A safety factor of 10 was used, in order to make sure the
fatigue requirements are also met. This means that the maximum allowable stress is 62 MPa.

Column Buckling Check: Aside from the failure mode mentioned above, the I-beam can also fail on column buck-
ling. Therefore it needs to be checked if the given solution can also withstand this failure.

G.1.2 Results I-beam

In Figure 11.3a in the report the results of the optimisation can be found. The width of the flanges are set to the
width of a foot of the generator and brake, which is 50 mm. The shear force, normal force and moment diagrams are
presented in this section.

After this optimisation a small research was performed to check if it was possible to reduce the height of the I-beam.
A smaller I-beam results in less friction on the nacelle’s shell, because the frontal area becomes smaller. As can be
seen in Table G.1, the weight increase is quite acceptable until a height of 110 mm. At this height the I-beam is 1.1
kg heavier than the optimum dimensions. The total weight of the bedplate is 6.5 kg.
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Table G.1: Optimisation results I-beam

h (mm) t1 (mm) t2 (mm) t3 (mm) W (N) Increase (%)
230 1 1 1 12.88 0
200 1 2 1 13.63 5.8
180 3 1 1 14.77 15
150 2 3 2 17.44 35
140 2 2 2 18.54 44
130 3 2 2 19.64 52
120 3 2 2 21.52 67
110 3 3 3 24.04 87
100 4 4 3 28.36 120

Figure G.1 shows the Von Mises stresses acting on the bedplate. The shear and normal forces and bending moments
result in the corresponding stresses. As mentioned, the Von Mises stresses is a combination of these stresses, so the
shear and normal force diagrams and the bending moment diagrams can be used as explanation for the Von Mises
diagram. This means that the slope and sign changes seen in Figure G.1 are similar to Figure 14.4.

Figure G.1: Maximum Von Mises stress acting on each section

G.1.3 Torsion Box

For simplicity, it is assumed that the added material to create the torsion box is not contributing to the resistance of
the bending and compression loads. Therefore, in this section there will only be a check to see if the torsion box can
cope with the applied torsion. The extra shear stress due to the applied torsion appeared to be 11 MPa, using basic
calculations. Adding this to the existing stresses, resulted in a maximum Von Mises stress of 75 MPa, including the
safety factor. This is just higher than the allowable yield stress of the material (62 MPa). Because a safety factor
was included in the calculations and the flanges of the I-beams were neglected, this solution is still deemed acceptable.
See Figure G.2 for a general impression of the bedplate.

Figure G.2: Impression of the bedplate

G.1.4 Shaft

The shaft is designed using the same tool as for the bedplate. In Figure G.3 the maximum Von Mises stress on the
shaft is displayed.
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Figure G.3: Maximum Von Mises stress acting on the shaft

G.2 Generator Trade-off

For the wind turbine on Signy Island, four types of generators are considered, the constant speed (CS), the doubly-fed
induction generator (DFIG), the variable speed direct drive (DD) and the variable speed with gear (GFC). All the
generators should be operating optimally with a pitch controlled power control. The power level of the DFIG and
GFC is larger than 1.5 MW and larger than 2 MW respectively. Since the wind turbine on Signy Island will be 17
kW , these generators are quickly eliminated. The CS is suitable for wind turbines with a power level smaller than 1.5
MW and the DD can be applied to all power levels. [19] The performance of the CS and the DD will be examined by
means of a trade-off. The layout of the CS can be seen in Figure G.4a. Between the rotor and the generator, there
is a gearbox and the gearbox connects the low-speed shaft to the a high speed shaft. Due to the gearbox, a standard
(most commonly 1500 rpm) squirrel cage induction generator can be used. [189]

(a) Constant speed generator (b) Direct drive generator

Figure G.4: Generators in trade-off [19]

The variable speed direct drive generator, see Figure G.4b, does not need a gearbox because the generator operates
at low rotational speeds. It is, however, more difficult to select the right generator as the rated rpm of the generator
needs to be equal to the rated rpm of the rotors. [189] The trade-off matrix between the CS and the DD is presented
in Table G.2. Criteria that deliver a significant contribution to the performance are applied on the two types. When
one type performs better on that criterion, a ’+’ is allocated. When the performance has only a slight difference, a
’+/-’ is allocated.

Table G.2: Trade-off CS and DD

Criteria CS DD
Cost/size/weight + -
Noise - +
Reliability - +
Complexity + +/-
Maintenance - +
Power output +/- +

Cost/size/weight: The DD is more expensive than the CS because it requires a specific design, while the CS has
standard configurations. The DD generator has a larger diameter, however does not need a gearbox which lowers the
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used space and weight. Most of the DD generators make use of permanent magnets and are therefore heavier.
Noise: Mechanical noise is generated mainly by the gearbox and generator. The gearbox has the largest contribution
in the noise level, the vibration of the drive train, e.g. gearbox and shafts, are transmitted to supporting structure,
which causes the noise. A CS generator causes significantly more noise because of the gearbox.
Reliability: The gearbox is considered the most troublesome part in modern wind turbines due to the high mechan-
ical loads. [190] The CS requires a gearbox but the DD is not geared. Therefore, the DD is considered to have a
much better performance on reliability than the CS. In a DD wind turbine the mechanical stresses are reduced and
the gusts of wind can be absorbed. [191]
Complexity: Although the DD generator does not make use of a gearbox, it is considered more complex than the
CS generator. This is mainly due to the fact that the generator will be operating at a variable rotational speed, thus
requiring complex electronic equipment and control mechanisms.
Maintenance: Failure of a gearbox is likely to have a great impact on wind turbine availability owing to a long
time needed to remove the failed gearbox from the nacelle for repair or replacement. [190] The maintenance is only
scheduled once a year, so it is important that the generator operates optimally during the entire year. The CS requires
a gearbox so a ’-’ is allocated and a ’+’ is allocated to the DD because of the absence of a gearbox.
Power output: The system efficiency is increased when using a DD variable speed generator in comparison with
the CS generator. In the DD generator the turbine speed is adjusted as a function of wind speed to maximise the
power output. [191] Moreover, the power quality of a variable wind speed generator is better and the operation at the
maximum power point can be realised over a wide power range. Due to reduced torque pulsations the electrical power
variations are reduced. [191]

For the Signy research station, both maintenance and reliability are important criteria. In low temperature climates
gearboxes are the most troublesome part of the turbine. Additionally, less moving parts are required in the Antarctic
climate [80]. Therefore, a DD generator is considered more suitable for the cold climate at Signy island.

G.3 Brake and Disk

The mass moment of inertia of the rotor-shaft structure is determined to be 250 kgm2, see section G.3.1. With a
maximum angular rotation of 15 rad/s and a maximum braking time of 15 s, it is determined using equation G.1 that
the braking torque on the shaft needs to be 250 Nm.

Q = I · α (G.1) rdisk =
250Nm

2600N
= 0.096m (G.2)

In Figure G.5 the chosen disk brake is showed. This figure also shows the needed disk diameter as a function of the
braking torque.

Figure G.5: Disk brake layout [20]

The disk and disk brake properties are showed in Table 11.1



117 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

Table G.3: Parameters generator

Parameter Variables
Disk radius 0.096 m
Disk Thickness 8 mm
Weight Disk 1.56 kg [192]
Weight Braking system 3.8 kg

G.3.1 Mass Moment of Inertia

The mass moment of inertia (MMOI) was determined by making the assumption that the wing box of the blades
result in the predominant MMOI and the MMOI of the aeroshell can be neglected. Also the wing box is assumed to
be a straight box, instead of having taper. The MMOI of a solid cuboid can be calculated using equation G.3. The
MMOI of the shaft can be calculated using equation G.4.

I =
1

12
m(w2 + d2) (G.3) I =

mL2

12
(G.4)
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H.Tower and Foundation Sizing

The tower accounts for approximately 34% of the total costs [193]. The challenge is to reduce the tower costs while
still having a tower that will perform conform to requirements. Within this section the various aspects considered
during the tower design process will be expanded on.

H.1 Tower Structure Type

For the tower there are several options regarding the type of the structure. The lattice tower and the tubular tower
are the most common tower structure types. The advantages and disadvantages of the lattice tower and tubular tower
in the environment on Signy Island are presented in Table H.1.

Table H.1: Advantages and disadvantages of lattice tower and tubular tower

Lattice tower Tubular tower

A
d
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n
ta

g
es • Less material needed • Cables are protected

• Transportable in smaller parts • Yaw omnidirectional stress sizing
• More simple assembly
• Widely used → reliable and less computa-
tional effort

D
is

a
d

va
n
ta

ge
s

• Multiple structural connections → temper-
ature sensitive regarding expansion

• More materials needed → higher mass and
material costs

• Cables are not covered
• More complex/time consuming assembly
• Wildlife may sit on the trusses → higher
endangerment of wildlife and interference with
environmental natural behaviour
• Maintenance intensive due to many parts

Due to the harsh environment on Signy Island, the cables for control, power transmission and storage need to be
covered in order to not get damaged by both weather and wildlife. Thus if the lattice tower is opted for, the costs
for cable insulation will increase significantly. Furthermore due to the many truss segments, the lattice tower would
require intensive maintenance due to the connections being sensitive to temperature differences. This is because of
possible differences in expansion and compression rates at the connection points, causing a higher likelihood of failure
and longer maintenance check times. In addition, a lattice structure would create places for birds and other wildlife
to sit on. This both increases the danger to the birds themselves and to the structure and interferes more with the
environment, which should be minimised when trying to observe the behaviour of birds in their natural environment.
Also it should be considered that a truss structure will require more parts to be connected together and thus require
a longer assembly time during erection. This can be avoided with pre-assembly of the truss, however this would mean
that the truss structure no longer has the advantage of being transportable in smaller parts. Moreover a tubular
structure is widely used within the wind turbine community and as such there are more optimisation approaches
and reference materials available. Finally, a tubular structure can more easily be analysed. This allows for more
resources to become available for optimisation of the structure, and reduces the probability of unforeseen modes of
failure occurring. Therefore, a tubular tower design has been selected and implemented in structural models. The
interaction of wildlife with the lattice structure and possible cable damage were of particular concern when selecting
between the two options.

H.2 Tower Material Type

In order for the tower to be correctly sized and constructed a material for the design must be selected. Steel is currently
widely used as main material for the manufacturing of wind turbine towers. Of all wind turbine towers 90% are tubular
steel towers [93] and an even higher percentage is made out of steel when considering only small wind turbines [94].
Another material used in the construction of wind turbine towers is pre-stressed concrete. However, such concrete
tower constructions are only used for large scale wind turbines, since it allows for the possibility of installing turbines
with diameters larger than 4.3 meters (transportation constraint) with lower construction cost than for a steel tower
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[194]. For this reason the primary material considered for tower construction will be steel.

Steel alloys however can vary greatly in terms of material properties and thus specific alloying types must be considered
in order to withstand the harsh environmental conditions in Antarctica. The first possible problem encountered when
using steel is due to the wide temperature ranges that the material will be exposed to when implemented on Signy
Island. The material properties of steel vary depending on operating temperatures. Figures H.1 and H.2 are used as
an example showing common temperature variation characteristics of steel [21].

Figure H.1: Yield strength of structural steel S355 at
temperatures 20 °C - 950 °C [21]

Figure H.2: Modulus of elasticity of structural steel
S355 at temperatures 20 °C - 950 °C [21]

As can be seen from the example Figures H.1 and H.2, material property variance over the positive range of operating
temperatures in the Antarctic location will not be an issue as the material properties only significantly change at
high temperatures, which the structure will not be exposed to during usual operation. However, when considering
the negative temperature range, the changing material properties start to become a problem. Many common steels
become brittle near zero degrees Celsius and so can not be used for this application [195] [196] [28]. In order to combat
such problems, specific low temperature grade alloys must be considered. Possible options are shown in Table H.2
[28].

Table H.2: Low temperature steel alloys properties [28]

Designation Lowest usual ser-
vice temperature, °C

Minimum yield
strength, MPa

Tensile strength,
MPa

A537 Gr. A -60 345 483 - 620
A537 Gr. B -60 414 551 - 690
A203 Gr. A -60 255 448 - 531
A203 Gr. B -60 276 482 - 586
A203 Gr. D -101 255 448 - 531
A203 Gr. E -101 276 482 - 586
A533 Gr. 1 -73 345 552 - 690
A533 Gr. 2 -73 482 620 - 793
A533 Gr. 3 -73 569 690 - 862
A543 Gr. 1 -107 586 724 - 862
A543 Gr. 2 -107 690 793 - 931

Furthermore, the recyclability of steel is extremely high. Currently steel recycling is near its theoretical maximum,
dependent only on the amount of steel that previous generations implemented into the mineral cycle [96]. Moreover
by using steel, which does not lose its material properties upon being recycled, 642 kWh of energy, equivalent to 1.8
barrels of oil can be saved with every ton of steel recycled [97].

In conclusion, there are many aspects to consider when selecting an adequate material for the construction of the
tower. Temperature properties and recycling opportunities must be considered to select the optimum material. The
low temperature steel group of which some are shown in Table H.2 are considered the group of materials from which a
selection will be made. In addition to considering the temperature, and recyclability properties, the cost to strength
ratios and fabrication costs should also be considered when making a trade-off. In terms of cost to strength ratios,
steel is very high as indicated with the extensive use of the material in wind turbine towers globally [93] [94] [95].
Furthermore, due to the decades of steel in industrial use, production and manufacturing techniques are at a high
level of maturity and so a reliable material to use for such a project [91][92]. The specific steel alloy selected was A537
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grade A, giving a yield stress of the material is 345 MPa and has a Young’s modulus of 200 GPa. This alloy was
selected as it has an operating temperature of -60 °C, thus meeting the environmental needs of the Antarctic. A537
was selected over the other lower temperature alloys, as such alloys become more expensive and are generally only
used for high pressure applications [28]. A537 was selected over A203 as A537 has a higher strength to weight ratio
given that the alloys have equal densities. Furthermore, it allows for a tower of smaller radius to be designed and as
such reduces possible tower shadow effects. A537 Grade A was selected over A537 Grade B as the top of the tower was
already considered small enough to meet requirements and thus the extra costs incurred for higher strength material
would not add structural benefits due to minimum radius restrictions. The raw material costs of low temperature
carbon steel are considered to be 768 US dollars per tonne (currently 564 euros), given by averaging world carbon
steel commodity prices for structural sections and beams over 12 months [197].

H.3 Forces, Moments and Load Cases

To structurally analyse the tower, the forces and moments acting on the tower need to be known. Figure H.3 shows
the drag forces due to the rotor, the nacelle, the tower, the gravity forces due to the rotor, the nacelle and the tower,
and the thrust force due to the rotor spin.
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Figure H.3: Forces acting on wind turbine

The various forces can be calculated using the following
Equations H.1, H.2, H.3 and H.4.

Thrust = 0.5 · ρ · V 2 · CT ·ADisk (H.1)

DragNacelle = 0.5·ρ·V 2·CDNacelle
·AFrontalNacelle (H.2)

DragTower = 0.5 · ρ · V 2 ·CDTower
·AFrontalTower (H.3)

dDragBlades = 0.5 · ρ · V 2 · CDBlade
· dA ·N (H.4)

With CT , CDNacelle
and CDBlade

being the thrust coef-
ficient, the nacelle drag coefficient and the blade drag
coefficients, respectively. Furthermore V , ρ and N
represent the local velocity, local air density and the
number of blades, respectively. In addition ADisk,
AFrontalNacelle, AFrontalTower and dA are the repre-
sentative disk/swept area of the blades, the frontal
nacelle area, the frontal tower area and the blade
area, respectively. All units are in equivalent SI
units.

The equations above show linear behaviour regarding all parameters bearing the local wind speed, where the force is
proportional to the local velocity squared. When considering the drag force due to the wind on the rotor along the
span of the blade, this non-linear behaviour can be observed as the relative airflow at the tip is higher than the speed
of the airflow at the hub due to the rotations of the blades. Furthermore it can be seen that the drag force on the
tower is reliant on the frontal area of the tower and thus will subsequently change along the tower if the given design
has varying diameter along the height. The various magnitude of the moments acting on the tower segments depend
on the given segment being analysed and on the initiating force. The various moments that need to be considered are
listed below and are defined as positive in the clockwise direction.

� Moment due to nacelle weight

� Moment due to nacelle drag

� Moment due to rotor weight

� Moment due to rotor drag

� Moment due to thrust force

� Moment due to tower drag
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The combination of nacelle and rotor center of gravity, if placed in line with the center of the given tower segments
would result in the minimisation of the moment at the root of the tower due to the moment arm being reduced to zero
and thus not contributing to increased stress. Furthermore the moment caused by the nacelle and rotor combined can
be used to counteract the moment caused by the thrust, if the nacelle assembly’s center of gravity is to the left of the
tower (towards the rotor). However this counteracting moment is only of benefit when thrust and drag are also acting
on the tower, else the tower structure must compensate.

The various forces and moments are of great importance to the tower and foundation sizing. The overturning moment
caused by the forces are of great significance for both the foundation design and play a major role in the bend-
ing stresses introduced into the tower. The weight of the assembly is also of significance when considering static
compressive stresses and buckling criteria of the tower. Furthermore the tower characteristics derived from the above
stresses will effect the vibrational behaviour of the tower assembly and thus must also be considered for fatigue loading.

The various load cases, failure modes and how these loads are used to obtain the sizing of the tower will be addressed
within the structural methods section of this chapter, with the reader being advised to refer back to this section and
Figure H.3 for visualisation of the forces on the tower for the two cases.

H.4 Load Cases

The discretised MATLAB tower model was analysed for two load cases in order to account for the most extreme
boundary conditions of design. These two cases where in themselves the extreme boundary conditions for their given
modes of operation, pre-cut-out and post-cut-out, as explained below.

� Pre-Cut-Out: The most extreme condition for the pre-cut-out wind speed range is when the moment caused
by the thrust acting on the tower and the moment due to the drag of the nacelle is maximum. Due to the
fact that the thrust of the rotor changes with varying wind speed and also the drag on the nacelle changes
non-linearly across wind speeds, an iteration of all wind speeds is conducted in order to find the most critical
design conditions where the combination of these moments are maximum. The thrust, tower and the nacelle
drag contribute to the moment through their respective moment arms relative to tower segments. The initial
shear force V0 relative to the first tower segment is the summation of the thrust and nacelle drag for this load
case.

� Post-Cut-Out: The most extreme condition for post-cut-out wind range is when the turbine rotor is stationary,
thus no thrust, combined with the drag on the rotor, nacelle and tower at survival wind speed of the wind turbine
system. The drag of the various components contribute to the moment through their respective moment arms
relative to the tower segments. The initial shear force V0 relative to the first tower segment is the summation of
the blade and nacelle drag for this load case.

It should be noted that the moments caused by the weights of the various components such as the nacelle and blades
are considered and are the same for both load cases. With the various moments being defined within the force and
moment section of this report.

H.5 Bending Stress

The first failure mode considered by the MATLAB model analysis is failure by bending stress. The program uses
various iterations in order to come to a final distribution for both the radius and thickness of the tower with the
method explained below.

Firstly, the tower is split up into a number of n segments along the tower height. For each segment the moments
and shear forces acting upon the segment are calculated, with the details of this calculation described later within
this section. Once the moments acting upon the various segments have been calculated the required thickness of each
section is derived. This is done by iterating through various sizes of diameters and calculating the required thickness
in order to keep the stress in the segment equal to the maximum allowable stress, including a safety factor of 3. The
program then selects the combination of radius and thickness that minimises weight, with the constraints of minimum
thickness and minimum and maximum diameter size. It should be noted that when the required thickness for a given
diameter is lower than the minimum thickness allowable, the program assigns the diameter for the minimum thickness
available. The method used for the final model assesses the moments at each location using Equation H.5 to H.8 and
Figure H.4.



122 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

M
i

S
i

M
i
+dM

S
i
+dS

q
i

d
H

Figure H.4: Forces and moments on a tower segment

dS = qi (H.5) dM = Si−1 · dH + dS · (dH
2

) (H.6)

Si = Si−1 + dS (H.7) Mi = Mi−1 + dM (H.8)

With the initial M0 and S0 calculated based on the two load cases described above and q representing the drag force
on the element itself. Furthermore Mi and Si are seen as the moments and shear forces acting on the given segment
respectively.

As can be seen in Figure H.4, the drag of each segment is modelled as a point load acting at the center of the segment.
As the drag of each segment contributes to the moment values at the other segments a number of iterations must be
conducted in order for the model to converge to a final solution. This is done by first setting the drag of the tower to
zero and calculating the given radii and thicknesses for the tower. These radii are then used to calculate the drag q
on each segment. The model then recalculates the necessary radii and thicknesses when such drag forces are present,
this in turn leads to the drag being recalculated for the new radii. This process continually loops within the program
until the change in radii of the sections is found to be less than 5%, and thus seen to have converged. The necessary
thickness for a given radius of a segment is calculated with Equations H.9 and H.10. It should be noted that in the
following equations the thin walled assumptions have been used to simplify the moment of inertia, and thus higher
order terms of thickness are neglected.

I =
M ·R
σ

(H.9) t =
I

π ·R3
(H.10)

H.6 Buckling Load

Once the bending stress has been calculated and the tower thicknesses and radius have been defined using the weight
optimisation approach described above, the structure must also be checked for the possibility of failure through
buckling. This is done by calculating the necessary thickness the tower must have in order to buckle under the weight
of the structure when considered as a point load, comprising of the nacelle and rotor assembly, and including a safety
margin of 1.5. If the required thickness is smaller than the sized thicknesses derived from bending stress calculations,
then the structure is seen to be sufficient for buckling, with no further actions required for this failure mode. However
if the required thickness needed to prevent buckling is larger than the derived thickness for bending stress, then an
iteration of the process is conducted. This iteration sets the minimum required thickness in the bending stress model
equal to the required thickness for buckling, with the model being re-run in order to optimise the structure for this
new thickness. Equation H.11 is used for determining the required thickness for buckling.

tbuckle =
Wbuckel ·H2

n2 · π2 · E ·R3
(H.11)

With H, Wbuckel, E and R, being the height of the tower, the weight of the rotor-nacelle assembly with safety factor,
Young’s modulus and tower diameter respectively. Furthermore with n being the bending mode and set to one when
considering a simply supported beam. It should be noted that the calculations give an conservative value for the
required thicknesses. This is because the beam model implemented, takes the smallest diameter segment of the tower
tip and assumes that the tower is this size through the entire height. Thus the actual thickness for which the tower
structure would buckle under the given loads would be lower than those calculated using the above equation when
considering a tower which gets wider from top to bottom.
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H.7 Static Compressive Stress

Once both bending and buckling have been considered and the tower has gone through possible design iterations
to converge to an optimised distribution, a static compressive stress (SCS) test calculation is conducted as a simple
check on the validity of the results. The static compressive stress is than compared to the maximum allowable stress
including a safety factor. If the SCS calculated is lower than the maximum allowable stress than the design can be
checked for maximum deflections as described in the subsequent section, else the design calculations must be checked
to find the source of the error and new iterations for the segment dimensions must be conducted until the SCS test also
gives satisfactory results. The SCS is considered at two points for each load case. The first point is at the top of the
tower where the radius is minimum and the weight is equal to the weight of the the rotor and nacelle assembly weight.
The second point is at the bottom of the tower where the radius is maximum but the weight includes the weight of the
tower itself in addition to the weight of the rotor-nacelle assembly. The resulting stresses were all found to be below
the maximum allowable stress including safety factor and are show in the table below. Thus sizing is seen to be much
more greatly effected by the stress caused by the bending moments rather than the static compressive stress, as the
bending stress are order of magnitudes higher. The SCS is calculated using the equation of normal stress, with stress
equal to force divided by area on which the force is acting upon.

H.8 Tower Deflection

Within this section the two methods used for calculating tower deflecting are described, namely simplified beam theory
and Castiglianos method respectively.

H.8.1 Beam Theory

The maximum tower deflection is of importance for the rotor performance. The airflow around the rotor changes with
increasing deflection and leads to a non-optimally performing rotor. Therefore, there is a constraint on maximum
tower deflection. The maximum deflection occurs at the tip of the tower and is computed with Equation H.12 [186].
The deflection is analysed for both the cases where the rotor is spinning and not spinning, since the deflection is also
important for fatigue characteristics of the tower. M is the moment contribution in Nm from the nacelle drag, tower
drag, nacelle weight, tower weight, and thrust for the spinning rotor and rotor drag for the non-spinning rotor. H
is the height of the tower at the given point in m, E is the Young’s Modulus of the tower material in Pa and I is
the second moment of area of the tower’s cross-section in m4. It should be noted that the mean thickness and mean
radius is used to calculate the equivalent moment of inertia needed for the equation below.

δ =
MH2

2EI
(H.12)

H.8.2 Castigliano Method

The second method used to determine the deflection of the tower is Castigliano’s Second Theorem. Castigliano’s
Second Theorem calculates the deflection by taking the partial derivative of the total internal energy of the tower
with respect to the forces applied [198]. The deflection is determined for two cases with this method: the operational
condition with the thrust of the rotor and the extreme drag case after cut-out, the latter being the most influential
case. The beam is modelled as a linear tapered circular cantilevered beam with only one point force acting on the tip
of the beam. The point force represents for each situation the load cases mentioned above. Equation H.13 represents
the internal energy U of the tower and Equation H.14 is used to determine the deflection. The simplified beam model
is presented in Figure H.5. In the equations v is the deflection in m, F is the force applied in N , E is the Young’s
modulus in Pa, α is the changing taper gradient, Dt is the top diameter in m, t is the thickness of the tower in m and
x represent the position on the tower in m.

U =

∫ L

0

M2

2EI
dx (H.13)

∆v =
δU

δF
=
F

E

∫ L

0

x2

(π · ( (αx+Dt)
2 ) · t)

dx (H.14)
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Figure H.5: Simplified model of tower for deflection analysis with Castigliano’s Theorem

H.9 Geotechnical Research

The type of foundation design is highly dependent on the ground at the site of the wind turbine. The ground
characteristics at the Signy Research Station are researched. The bottom mainly consists of the metamorphic rock
amphibolites. [34][35] Amphibolite has a high hardness and is therefore suitable as structural foundation [39]. The
stratigraphy, composition, strength, compressibility and stiffness of the ground are properties that need to be researched
to come up with a suitable design for a specific bottom. Besides an analysis of the rock type bottom, it needs to
be ensured that no caves are present beneath the wind turbine site. When the rooftops of such caves collapse, the
layers on top of the cave will slowly collapse over time and this retrogressive process will eventually lead to failing
of the foundation and thus of the entire wind turbine system [98]. The amphibolite rock bottom is very compact.
There is a change that a cavity beneath the wind turbine site exists. Measurement systems exist to detect cavities
beneath a surface. Research on the designated site for the wind turbine system can be done before placing the wind
turbines. However, since the amphibolite rock bottom is so compact and strong, it is very unlikely for the rock bottom
to collapse.

H.10 Rock Foundation Types

There are two types of foundations that are suitable in a bedrock bottom. These types are the rock socket or ten-
sionless pier foundation and the rock anchor foundation. Both foundations require a shallow strong bedrock and rely
on the strength of the rock. The tower connection to the foundation for both the rock anchor and the rock anchor
foundation is an anchor bolt cage [98]. The principle of the rock socket foundation is shown in Figure H.6a and of the
rock anchor foundation in Figure H.6b.

The rock socket foundation is basically a concrete tower extension beneath the ground’s surface. This foundation type
is hard to implement [199]. A deep hole has to be excavated to input a cylindrical metal can, a cage of piers and
an inner cylindrical metal can. This is not an environmentally friendly option, since a large volume of the bedrock
bottom has to be removed for this foundation. Furthermore, it requires a large volume of concrete. The rock anchor
foundation is basically multiple piles anchored into the rock bottom with a concrete cap on top of the anchors. The
gap, filled with weaker soil, between anchors and cap allows post-tensioning and retensioning of the anchors. The
soil may shift during the year because of the extreme seasonal changes on Signy Island, such as changes in water
content and temperature, rain- and snowfall, seasonal freeze and thaw cycles. Under normal conditions the rock
anchor foundation needs tensioning of the piers annually [100]. Maintenance on the foundation on Signy Island will
be more extensive and more frequent due to the extreme environment. However, since the foundation has to deal with
relatively small turbines and its reliability due to its worldwide implementation, the rock anchor foundation type will
be used as foundation for the wind energy system on Signy Island.

H.11 Rock Foundation Sizing

The optimal rock anchor length, diameter and number of anchors are determined with through a trial and error
process with Equations H.15 [105], H.16 [102] and H.17, based on rock mechanics. ld is the anchor length in m, Ab
the cross-sectional area of the anchor in mm2, σy the specified yield strength of the non-pre-stressed reinforcement of
500 MPa [103], σuc the specified compressive strength of the grout of 20 MPa [106], D the borehole diameter of 75
cm, Lb the length of the grouted anchor bond of half the anchor length in m, τult the ultimate grout bond strength
of 15 MPa [106] and Wsys the weight of the entire system of 12.24 kN .
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(a) Rock socket foundation [101] (b) Rock anchor foundation [9]

Figure H.6: Rock foundation types

ld = 2
0.019Abσy√
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I.Vibrations

In order to check the possible resonant conditions, the natural frequencies of the structure are plotted with the
excitation frequencies. This is done in a Campbell diagram. The lead-lag, flap and tower natural frequencies are
checked for resonant conditions. Within this appendix the calculations used to approximate the natural frequencies
of the system are found.

Flap & Lead-lag

The lead-lag and flap natural frequencies change when the rotor operates at different operational speeds. They are
calculated using Equation I.1:

ω2
n,rotating = ω2

n,non−rotating +KnΩ2 (I.1)

Where ωn,rotating is the natural frequency when the rotor is rotating, ωn,non−rotating is the non rotating natural
frequency, Kn is the Southwell coefficient (which is typically between 1.17 and 1.25) and Ω is the rotational speed.
For both the lead-lag and flap frequencies, a Southwell coefficient of 1.22 is chosen.
The natural frequencies for the flap and lead-lag are calculated by taking an initial load, calculating the correspond-
ing deflection, determining the natural frequency and using that natural frequency to calculate the new load. This
procedure is repeated a few times until the frequency stays constant. The non-rotational natural frequencies can be
seen in Table I.2

Drive Train

The drive train is modelled as a two-disc torsional system, with one disk representing the rotor and the other repre-
senting the generator. The natural frequency of the drive-train is calculated using Equation I.2:

ωn =

√
Kt(Irot + Igen)

IrotIgen
(I.2)

Where Kt is the stiffness of the shaft, Irot is the rotor mass moment of inertia and Igen is the generator mass moment
of inertia. The stiffness of the shaft can be calculated using Equation I.3:

Kt =
GJ

l
(I.3)

Where G is the shear modulus of the A537 Class 1 (Grade A) steel alloy, J is the second moment of area of the shaft
and l is the length of the shaft. The G and l are 80 GPa and 0.8 m, respectively. The J can be obtained using
Equation I.4:

J =
πD4

32
(I.4)

Where D is the diameter of the shaft and is equal to 0.067 m. Now inserting all the values in Equation I.3 results in
a Kt of 2,428.
The moment of inertia of the rotor was calculated in Section G.3.1 and is equal to 250 kg ·m2. The moment of inertia
of the generator (modelled as a disk) can be calculated using Equation I.5:

I =
mR2

2
(I.5)

Where m is the mass of the generator and R is the radius of the generator these are 400 kg and 0.275 m, respectively.
Filling in these values, a mass moment of inertia for the generator of 60.5 kg ·m2 is obtained.
All values are now known to compute the natural frequency of the drive train and it is found to be 9.17 rad/s.
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Tower

The tower is simplified to a beam with a mass at the top. This mass is the nacelle and rotor mass plus 22.7% of the
tower mass [200],[201],[202],[203]. The addition of the 22.7% of the tower mass is an approximation since the tower is
modelled as a mass-spring system. The natural frequency of the tower is computed with Equation I.6 [201],[202],[203]:

ωn,tower = 1.744

√
EI

(mrotor+nacelle + 0.227mtower)H3
(I.6)

Where E is the Young’s modulus of 200 GPa, I the second moment of area of 8.15 ·10−4 m4 at the bottom, 1.11 ·10−5

m4 at the top and a mean value of 2.61 · 10−4 m4, mrotor+nacelle the rotor and nacelle mass of 509.7 kg, mtower the
tower mass of 738.5 kg and H the tower height of 8.8 m. Table I.1 presents the natural frequencies for the three cases.
Normally, for a more accurate result, the spring stiffness of the tower is determined through experiments.

Table I.1: Tower natural frequency

Output Unit Value
ωn,bottom rad/s 32.8
ωn,mean rad/s 17.8
ωn,top rad/s 3.8

The different natural frequencies can be found in Table I.2.

Table I.2: Natural frequencies

Parameter ωn [rad/s]
Flap (non-rotating) 5.13
Lead-lag (non-rotating) 15.04
Drive train 9.17
Tower 17.8

The final input for the Campbell diagram is the operational range. The minimum rotational speed is determined from
the cut-in wind speed and the maximum is fixed by the noise constraint. The operational range will be between 5.6
and 15 rad/s. The Campbell diagram can be seen in Figure I.1a

(a) Initial Campbell diagram (b) Campbell diagram, minimum rotational speed 10 m/s

Figure I.1: Campbell diagram

From the initial Campbell diagram it can be concluded that several resonant conditions exists. Almost every deflection,
except for the flap-wise, will be excited in the operational range of the turbine. This is mainly due to the large
operational range of the turbine. It can be seen that if the minimum operational speed is limited to 10 rad/s, no
excitation causes resonance. If the turbine is kept at a constant rotational speed of 10 rad/s from the cut-in of 3
m/s till 5.5 m/s (which resembles the minimum wind speed for which the optimum tip speed ratio of 8.25 can be
maintained), the AEP goes down with only 0.2 %.
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J.Verification and Validation

In this chapter the tables with the comparison of the numerical and analytical tools can be found. The chapter is
subdivided into the results of the blade, nacelle and tower.

J.1 Rotor Blades

Table J.1 and Table J.2 show the verification of the BEM-code and the structural code, respectively.

Table J.1: Verification data between the developed and provided BEM code

V0 [m/s] λ [-] Q [Nm] P [W]
Developed Provided Developed Provided Developed Provided Developed Provided

4.5 4.5 9.63 9.63 13.77 13.3 15.53 15
5 5 8.67 8.67 16.07 15.4 26.24 25

5.5 5.5 7.88 7.88 18.23 17.6 37.98 38
6 6 7.22 7.22 20.2 19.8 49.54 51

Differences[-]
0.0% 0.0% 3.3% 1.3%

Table J.2: Comparison numerical and analytical results structural blade analysis

Variables Numerical Analytical Differences
Blade chord [m] 0.2 0.2 0.0%

A [m2] 2.38E-04 2.34E-04 1.8%
Ixx [m4] 2.07E-08 1.91E-08 8.3%
Izz [m4] 1.78E-07 1.68E-07 6.0%
Ixz [m4] -4.37E-24 0 0.0%
Sz [N] 322.7605 322.7267 0.1%
Sx [N] 104.868 104.6831 0.2%
Sy [N] 0 0 0.0%
Mz [Nm] 80.5117 80.6897 0.2%
Mx [Nm] -241.8404 -241.844 0.0%
My [Nm] -12.9091 -12.9091 0.0%
σ [Pa] -1.50E+08 -1.50E+08 0.0%
q [N/m] -1.492E+04 -1.4895+04 0.2%
uz [cm] 30.68 30.58 0.003

System Test
σ[Pa] -9.8958E+07 -1.1456E+08 7.6%
q[N/m] -1.49E+04 -1.57E+04 5.2%
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Figure J.1: Deflection of a beam with constant stiff-
ness and a uniform loading

Figure J.2: Visual representation of the booms of the
cross-section

J.2 Nacelle

Table J.3: Comparison numerical and analytical results structural bedplate analysis

Variables Numerical Analytical Differences
Compressive force acting on tower 2498 N 2498 N 0.000%

Shear force acting on tower 23.6 kN 23.6 kN 0.000%
Moment acting on tower 107.4 N 107.4 kN 0.000%

Moment of Inertia 1.189E-6 m4 1.240E-6 m4 4.113%
Von Mises Stress section 27 center 32.0 MPa 32.0 MPa 0.000%

Weight 93.4 N 94.7 N 1.267%
Discretisation points 2496 2496 0.000%

Normal force on section 27 6.5 kN 6.5 kN 0.000%
Shear force on section 27 450 N 450 N 0.000%

Moment on section 27 15.6 Nm 15.6 Nm 0.000%

J.3 Tower

Table J.4: Comparison numerical and analytical results tower analysis

Variables Numerical Analytical Differences
Drag on Tower 1.383E+03 N 1.383E+03 N 0.000%

Buckling thickness 1.193E-04 m 1.196E-04 m 0.250%
Deflection 4.400E-02 m 4.600E-02 m 4.550%

Static Compressive Stress 2.487E+01 Pa 2.487E+01 Pa 0.000%
Natural Frequency 8.570 rad/s 8.570 rad/s 0.000%



130 Delft University of TechnologyAntarctic Wind Turbines: Windpulse

K.Energy Supply System

This section provides a more detailed analysis on the design of the various sub-component groups withing the energy
supply system including the relevant electrical load strategy required for the system.

K.1 Battery Type Options

There are various types of batteries that can be used for the system must be considered. Some of the common battery
options are shown below:

Table K.1: Battery properties [29]

Battery Type Cost $ per Wh Wh/kg J/kg Wh/liter
Lead-acid $0.17 41 146,000 100
Alkaline long-life $0.19 110 400,000 320
Carbon-zinc $0.31 36 130,000 92
NiMH $0.99 95 340,000 300
NiCad $1.50 39 140,000 140
Lithium-ion $0.47 128 460,000 230
Li-SOCl $1.16 700 2,000,000 1100

Other then the energy information of batteries shown in the above table, it is also of vital importance to consider
the standard temperature operation range of such batteries due to the extreme conditions found in the Antarctic. In
general batteries tend to increase their internal resistance and thus decrease their capacity in a linear manner at colder
then operating temperatures [204].The standard temperature problems of such batteries are given in below [204]:

� Lithium-based: batteries tend to preform better in hotter temperatures then in colder ones due to the internal
resistance increase effect. The dry solid polymer types require operating temperatures of 60-100 ◦C, however
Li-polymer batteries use a moist electrolyte for conductivity and can operate at lower temperatures. At -20 ◦C,
most Lithium based batteries stop functioning.

� Nickel-based: batteries degrade very quickly at higher temperatures, able to loose 20 percent of operating
capacity with a ten degree increase in temperature. In addition operating at high temperatures decrease the
operational life of such batteries. At -20 ◦C, most nickel based batteries stop functioning. NiCd batteries can
operate at -40 ◦C , however this is at very low discharge rate.

� Lead-based: batteries have the danger of the electrolyte freezing at low temperatures, possibly cracking the
casing and at -20 ◦C, most lead based batteries stop functioning.

� Specialist Lithium: batteries such as specialist Li-ion batteries can operate at -40 degrees with a reduced
discharge rate and only in the discharge mode. Li-SOCl batteries can operate in extreme temperatures, with a
temperature range of -55-+150 ◦C [29].

When considering all the above information Li-SOCl emerges as a good candidate for the energy storage system due
to its high energy density and suited temperature range. The battery however has two major downsides. Firstly, this
type of battery is significantly more expensive then both the alkaline and lead acid types, and only rival the NiCad
batteries when considering costs. Furthermore, Li-SOCl have been mainly developed mainly for military, aerospace,
and sensitive equipment. This development has been focused on very small batteries and not storage on a large scale,
thus a vast amount of batteries must be used in combination for application to the wind turbine system [205].

Lead-acid batteries can also be seen as a very good candidate when considering both the relatively cheap costs of such
systems, and the relatively large sizes that are manufactured as standard. Such an option however would require that
the area in which the batteries are stored to be heated in order to keep them in the required operational temperature
ranges. It should be noted that such an option would seem to be feasible as it is already implemented in Antarctica
at the Belgium research station [114].

In terms of recyclability, lead acid batteries can be relatively easily be recycled, with industrial techniques developed
due to their extensive use within the automotive industry [111]. Li-SOCl can also be recycled at specialist centers and
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require specific handling procedures bringing the cost of recycling to around five dollars per pound of such batteries
[206].

In terms of cycle discharge properties, lead acid batteries are used in many deep cycle operations where low mainte-
nance is required such as photovoltaic systems [207][208], whereas Li-SOCL batteries are used for very high energy
density (in terms of sizer) applications [209]. However, it should be noted that lead acid batteries have decreased
lifetimes when used in large discharge applications and as such must be sized accordingly.

In conclusion although Li-SOCL is a very good candidate in terms of operating temperatures they are simply too
expensive at nearly 7 times as much as lead acid. In addition, lead acid is also seen as an extremely reliable technology
due to the enormous world wide use [110][210]. Furthermore lead acid is extremely recyclable and as such the
sustainable choice for an energy storage system [112]. Although lead acid will require an insulated operating area, the
multiple benefits described above outweigh such a cost and so lead acid will be used for the system. It should also be
noted that battery prices tend to be falling rapidly each year in response to the large investments from automotive
companies wishing to produce electric cars, and as such future systems may be able to incorporate a lithium based
solution in order to increase cycle life [211].

K.2 Back-up Energy System

The three ”off the shelve” back-up generator types considered for the back-up system are summarized below, with the
selected design discussed in the body of the report.

Diesel Generator: These types of generators are widely used. In comparison with other fossil fuel generators, the
diesel generator is very fuel efficient [212][213]. Diesel is a conventional power source and as such this type of generator
has a long life time and high reliability [115]. The main disadvantage is the noise produced by the generator and the
emissions [118]. A generator which uses diesel produces NOx, HC and CO [214][118]. On the majority of the research
stations located in Antarctica this type of power generation is currently used as main energy system. The few research
stations which mainly use a wind power system have diesel generators as back-up systems.

Biofuel Generator: This is a sustainable option for providing energy. Two types of fuel are currently on the
market, biodiesel and ethanol. An ethanol-fuelled generator is already installed on the Brazilian Navy Station in
Antarctica [215]. At this station the generator is used along with two diesel generators, however it can power the
entire operating and scientific needs of the station [215]. Ethanol has a low freezing point which is an advantage for
a system situated in the Antarctic. The greenhouse gasses emissions are reduced by 68% in comparison with a fossil
fuel generator [216]. A disadvantage of using biofuel for the back-up system is that the production of this fuel is in an
early stage, and such generator system will be experimental and may be less reliable than a conventional diesel system.

Hydrogen Fuel Cells: Fuel cells use fuel (hydrogen) and an oxidizer (air) to provide energy. In the cell two electrodes
and one electrolyte are sandwiched. When oxygen passes over the cathode and hydrogen passes over the anode two
reactions are initiated. These reactions generate electricity, water and heat. Hydrogen fuel cells can deliver high power
rates, between 10− 15 kW [217]. The major advantage of these cells is the lack of greenhouse emissions, and so it is
a very sustainable option [218]. In addition during operation, fuel cells are quiet and will not harm the environment
[218]. The fuel should be stored carefully as hydrogen can be ignited easily and so can be dangerous. The main
disadvantage of an integrated fuel cell and storage system is the difficulty in storing the hydrogen at high pressures
with high reliability and the large costs associated with such systems [219][219].

K.3 Cabling

In order to determine the required thickness of the different cables, the maximum power loss will be investigated. A
maximum cable power drop of 3 % from power source to station is allowed. Several load paths are analysed, each
having the maximum allowable drop of 3 %:

� Wind Turbine Generator to Station: This consists of the Wind Turbine generator to transformer, trans-
former to controller, controller to battery and battery to station. All loses are summed across all connections in
percentage form in order to give a conservative value of the total loss of the given path.

� Back-up to Controller: The back-up is linked to the controller to control the charging of the battery by the
back-up system, and then once again from controller to battery and battery to station. The back-up is also
linked directly to the station to ensure power is available for the station in case of a controller failure, however
as these cables are already installed at the station they will not be further analysed.
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All loses are summed across all connections in percentage form in order to give a conservative value of the total loss
of the given path.

In order to come up with a thickness for each cable, the American Wire Gauge (AWG) wire sizes are used[220][221].
For a given thickness of a wire this gauge gives the maximum allowable current able to safely pass through the wire.
Furthermore the voltage drop over a given wire is calculated with the equation below [222]:

V d =
√

3
P

V
Rcl (K.1)

With P , V ,Rc and l being the power, the voltage, the resistance per meter of copper and the length of the cable
respectively. A specific thickness is selected by matching the minimum thickness required for maximum allowable power
loss, while simultaneously able to safely handle the required current flow given by the AWG tables [220][221]. The
voltage across all wires in assumed to be 240 volts in order to conform with British standard electrical configurations
and eliminates the use of additional transformers[223]. The use of additional step-up and step-down transformers
would be considered beneficial if the distances to the station were drastically increased, however due to the proximity
of inhabitants and wildlife, and in order to reduce complexity, a safer operating voltage of 240 volts is selected. The
power across a given connection are taken to be the worst case, highest power values and are given in Table K.2. The
results of the above analysis are given in the main body of the report in Section 15.3. Keep in mind that the cabling
from the wind turbines to the controller is made up of three different cables, all running through the same insulated
tube.

Table K.2: Cabling

Distance [m] Cable thickness
[mm]

Power [kw] Power loss [%]

Wind Turbine Generator - Station 86 4.6-8.3 51 2.63
Wind turbine Generator - Transformer 10 4.6 17 0.52
Wind Turbine Transformer - Controller 70 6.5 17 1.83
Controller - Battery 5 8.3 51 0.05
Battery - Station 1 8.3 51 0.25
Back-up - Controller 5 7.3 40 0.24

K.4 Electronics

The electrical output frequency of the generator varies, however with a variable frequency power converter the grid
frequency can be kept constant. The AC is transformed to DC and the DC needs to be inverted to the required AC
of 50 Hz.

The variable frequency power converter exists of a rectifier at the generator side, an inverter at the grid side and
a DC-link in between. At the generator side, two different rectifiers were considered: a diode-based rectifier or a
Pulse Width Modulated-VSC (PWM-VSC) as can be seen in Figure K.1a and K.1b respectively. At the grid side, a
PWM-VSC is used for both systems.

(a) Diode rectifier (b) Two back-to-back voltage source converters

Figure K.1: Permanent magnet synchronous generator electrical scheme [22]

One drawback of conventional variable speed drives, is the large content of low frequent line-current harmonics due to
the diode rectifier on the generator side. For a wide use of variable speed drives, care must be taken to limit these low
order harmonics in the utility grid. The two back-to-back system suffers in a much lower extent from this problem, so
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this system will be installed in the wind turbines. [224]

The electronics are installed at the bottom of the tower, in a well insulated housing. It is important that the sensitive
electronics are protected against the cold which is better achieved when situating the electronics in a separate box.
Additionally, this is favourable for the service and maintenance as is mentioned in Section 11. Each wind turbine
needs its own transformer. These are placed near the wind turbines. The transformers can be bought off the shelf
[225], but with material adjustments to cope with the extreme cold climate. The components made of steel shall be
replaced with low temperature steels as are used in the nacelle and the tower. The transformer requires cooling, which
the environment can supply by incorporating a fan. Dry-cooled transformers are being increasingly used, the windings
of which are cast in resin. The design is more compact and less susceptible to fire hazards. [89]

K.5 Energy Supply Control Strategy

This section will explain how the energy supply to the research station is regulated by the performance control system.
It is defined that the state of charge (SoC) should not drop below 50 percent or exceed 95 percent to avoid damage to
the batteries/storage [226][227]. The energy control strategy is visualized in the diagram below followed by explanatory
text.

SoC < 50% 95% < SoC60% < SoC ≤ 70% 60% < SoC ≤ 85%

Figure K.2: Energy storage system

SoC < 50%: When the SoC of the battery drops below 50 percent, the back-up generator is turned on. All designated
non-vital systems consuming energy will be turned off. Furthermore all designated vital systems consuming energy
should be re-evaluated to ensure that their priority status has not changed, thus allowing for them to be turned off.
The power provided by the back-up generator will be used to meet the energy demand of the research station. As the
energy produced by the generator can not vary from second to second (for some types of back-up system this may not
vary at all) all excess energy will go towards charging the battery.

60% < SoC ≤ 70%: Once the battery has been recharged and crosses the 60 percent SoC point, the back-up gener-
ators are turned off. It should be noted that if the battery SoC is below 60 percent and increases over this boundary,
then the non-vital energy consuming systems remain turned off. If however the SoC was above 60 percent and then
crosses this boundary, then the non-vital systems remain on and will only be turned on if once the battery level falls
below 50 percent as stated in the paragraph above.

70% < SoC ≤ 85%: During this band all non-vital systems can remain on, or if the battery has been increasing and
crossed the SoC boundary from below the 70 percent mark, then the non-vital systems can be turned on. Within this
band the batteries are being charged by the wind turbine system and the back-up generator remains in the off status.
It should be noted that if the SoC of the battery crosses the 85 percent boundary from above, the energy dumping
systems must be turned off.

85% < SoC ≤ 95%: Below this band dumping is turned off and above this band dumping is turned on. Also within
this band the back-up generator remains off, and both vital and non-vital systems can remain on. This band can be
seen as a buffer between the energy dumping and normal mode, in oder to prevent fluctuations.
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95% < SoC: Once the batteries SoC have reached above 95 percent, the battery system must start to dump en-
ergy so as not to overload the batteries or other components within the system. The control will at first try to
dump energy in useful systems. These could be in the form of extra experiments that could be run on the station
such as Lidar experiments or other experiments deemed useful for BAS, or possible water heating. In the case that
all useful applications are used and there is still excess power being produced, energy will be dumped in resistive blocks.

As can be seen from the various bands, the energy control system is designed to avoid constant fluctuations. Such
fluctuations are avoided as they could cause damage to electrical systems due to constant switching from on and off.
Furthermore the back-up system in particular will have a given response time when being turned on and off and thus
such changes should be limited. This is done by providing buffer ranges as stated above and also progressively turning
systems back on once they have been turned off rather then all at once, thus also avoiding sudden spikes of power
required.
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L.Hardware & Software Diagram

Below the simple control schemes are presented. These show the relations between sensors (blue blocks) and actuators
(dark blue blocks) through the CPU (light blue blocks) for energy production system, de-icing system, cooling system,
break system and batteries and back-up system.

(a) Overview of rotational speed control

(b) Overview of pitch system

Figure L.1: Overview of energy production until rated velocity L.1a and after rated velocity L.1b

In Figure L.1a the control scheme of rotational speed control is displayed. Until the maximum rotational speed (15
rad/s) is reached, the wind turbine runs at different rotational speed with constant pitch angle in order to achieve
the optimal tip speed ratio. To control the rotational speed the torque produced by the wind turbine is measured
on the generator, after which the magnetic field on the generator is changed, if necessary, correcting the rotational
speed of the wind turbine. At the rated velocity a certain amount of torque is produced; when this torque is achieved,
the pitch system is turned on (Figure L.1b), and so the pitch angle is changed for each different torque measured.
Before cut-in and after cut-out velocities the pitch angle is the one at which the aerodynamic loads are smallest. For
both systems, if something fails the fail-safe system turns on the brake system. It will also notify the monitoring system.
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Figure L.2: Overview of cooling system

The cooling system of the nacelle, showed in Figure L.2, has as input the wind velocity, external and internal nacelle
temperatures and the position of the plate (measured by the force made by the plate with piezoelectric sensor). The
electromechanical actuator will be controlled by the servo to change the size of the opening in order to have a constant
temperature of 30 ◦C inside the nacelle, when the wind velocity is larger than 30 m/s - cut-out velocity - the opening
is completely closed.

Figure L.3: Overview of de-icing system

The de-icing system, Figure L.3, is switched on when the ice level reaches a certain value, however when the wind
velocity is lower than 3 m/s or larger that 30 m/s the system is turned off.

Figure L.4: Overview of brake system

The pneumatic brake, Figure L.4, is switched on when crossing the cut-in wind speed boundary from above for more
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than fifteen minutes, or when crossing the cut-out wind speed boundary from below for a duration of more than a
fifteen minutes. When the system fails, the fail-safe operating sensor will notify the monitoring system and the brake
can be manually turned on.

Figure L.5: Batteries & back-up system

The relation between the batteries and back-up system can be seen on the section K.5. In parallel with batteries &
back-up control system shown on Figure L.5, in case of the aerodynamic brake (pitch control) and mechanic brake
fail, the back-up system and batteries are disconnected automatically, in addition there are manual brakes for each
of the wind turbines. Also the batteries, the back-up system and the station can be disconnected from each other in
case of an emergency.
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M.Maintenance Task List

Below, the task list is shown that will be used to perform the maintenance sessions each year. This list was based on
an offshore maintenance schedule[228] and the manual of the WT 6000 wind turbine, also used on Antarctica[229].

Table M.1: Preventive maintenance of the wind turbine subsystems

System Component
Action

1 year 5 years

Blades
Outer surface V
Bolt connection V

Blade pitch
Blade bearings V, G P
Shaft bearing G P

De-Icing V, F

Main shaft
Thrust bearing G P
Oil distribution box V

Braking system
Emergency stop F
Mechanical brake F
Brake linings V, X X

Generator
Shaft bearings G
Windings V

Nacelle
Bed plate, hub V R
Nacelle cover V

Tower V
Yaw system Yaw bearing V, G P
Transformer V
Cables V
Control system V

V Visual inspection
G Greasing
P Measurement of bearing play
X Exchange of components if necessary
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N.Project Cost & Electricity Cost

In this chapter additional information is given about the project costs and electricity price. The methods used to
perform the calculations will be presented and the reasoning about obtained numbers is explained. This chapter is
subdivided into the capital cost and the annual energy production.

N.1 Capital Cost

For the analysis of the current market, comparable wind energy systems are analysed. Multiple wind turbines are
already present in the harsh Antarctic conditions to power research stations. The market analysis is performed based
on research papers and existing wind turbines.

According to the American Wind Energy Association (AWEA), the capital cost per kW and the cost of energy
produced by small wind turbines is still higher than for large scale turbines [230]. These costs vary significantly de-
pending on the competitiveness and the different factors influencing installation, and generally lie within the range of
e2000/kW and e4500/kW for small wind turbines. A feasibility study at the Uppsala University of Sweden revealed
that the averaged cost for wind turbines that could be used in Antarctica is e2000/kW , however these turbines were
not specifically designed for a particular customer and have been built frequently. The same study showed that the
company ’Wind Steam Power Systems’ is able to develop a new turbine for specified Antarctic conditions at the price
of e7000/kW to e9000/kW . From a performed market analysis a cost figure of e7000/kW was determined based on
similar research stations.

In the market analysis the Princess Elisabeth Station (Belgium), Mawson Station (Australia), McMurdo Black Island
(United States of America), Scott Base (New Zealand), Neumayer (Germany) and Sanea IV (South Africa) are also
considered. A target cost was made based on statistical data obtained from these wind energy systems. However,
since only a relatively small amount of information is available about wind energy systems on the Antarctic continent,
the analysis is expanded with up-scaled cost values for small wind turbines within the same power range. The price
estimations obtained from these references are combined, resulting in a price estimation of e6657/kW .

Table N.1: Wind turbine component cost

Rotor e79,000.00
Blades e63,000.00
Hub e6,000.00
Pitch e10,000.00

Tower e97,000.00
Tower structure e75,000.00
Foundation e22,000.00

Nacelle e62,000.00
Generator e30,000.00
Shaft e5,000.00
Bedplate e10,000.00
Brake system e7,000.00
Housing e10,000.00

Other e41,000.00
Transformer e8,000.00
Converter e9,000.00
Cabling e15,000.00
Screws e3,000.00
Sensors e6,000.00

Total wind turbine e279,000.00

Additionally, based on references, estimations are made for each component of the project cost[164],[231],[232]. The
capital cost is subdivided in the wind turbine cost itself, the civil work and construction cost and additional costs such
as development and engineering costs, consultancy costs, licensing costs, etc. The wind turbine cost share generally
accounts for 75 − 94% of the total capital cost for onshore turbines. For the wind turbine designed in this project,
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this percentage is estimated to be 80%. The estimation is based on the fact that the wind turbine complexity will
be generally lower than the large-scale commercial turbines that are currently installed. Additionally, it is expected
that only a small grid will be used for the wind energy system considered in this report, the grid connection will be
relatively simple as compared to the connections for the larger wind farms. Recall that the system being described
will make use of a battery storage system, which is not considered in the wind turbine cost. Therefore the costs of this
system is excluded from the current cost analysis. Regarding the percentage of civil works cost of the total investment
cost, it is possible to state that this percentage will be high compared to a conventional installed wind turbine that
is placed in a less harsh and remote environment. Generally, the civil works account for 4 − 16% of the capital cost,
so this number is assumed to be 15% for the case of this wind energy system. This is mainly the consequence of the
relatively inaccessible location of the site and the harsh environment in which the turbine operates. The last 5% of the
capital costs are induced by miscellaneous costs. Generally, this number lies between 4% and 10% for onshore turbines,
but since this wind energy system is designed using low cost tools and without the use of expensive resources, the 5%
value seems acceptable. In Table N.1, the detailed cost break-down is shown and in Figure N.1 a visual representation
to understand how the costs are actually divided amongst the years can be found.

N.2 Annual Energy Production

The annual energy production (AEP) is a measure of the total power produced during the whole year at the site. In
order to compute the annual energy production, it is necessary to combine the power curve with a probability density
function for the wind.

The probability density function of the wind speeds at the Signy site is derived from the wind speed data gathered by
the British Antarctic Survey over several years. The probability function shows the probability that the wind speed
lies in a certain range. Usually a Weibull distribution is obtained to present the data as a smooth function. The
Weibull function is modelled through a scaling factor A and a form factor k. The parameters A and k are determined
corresponding to the best fit of the local meteorological data, using Matlab. However, due to the deviated form of
the Weibull distribution with respect to the histogram, both will be used to calculate the AEP. In Figure N.2 the
probability density function of the Signy wind speeds is displayed.

The power curve found from the blade design, describes the power as a function of the wind speed. The rated velocity
and rated power are respectively 10.16 m/s and 17 kW. These values are based mainly on the fact that it is required
to deliver for a long period of time a constant power rather than having a maximum energy output over the year. As
explained before, the cut-in and cut-out speed are set to be 3 m/s and 30 m/s respectively. The power curve is shown
in Figure 10.4.

By now multiplying the power curve with the wind speed probability density function and the total amount of hours in
a year, the annual energy can be obtained. The AEP of the wind energy system for the Signy station can be obtained
using the Equation N.1 [68], where T is the total amount of hours in a year, Vin and Vout are the cut-in and cut-out
wind speed, P (V ) is the power for a certain wind speed and f(V ) is the probability of a certain wind speed.

AEP = T

∫ Vout

Vin

P (V ) · f(V )dV (N.1)

Figure N.1: Costs throughout lifetime Figure N.2: Wind speeds at the Signy station
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O.Model Flow Charts

Within this section the computational model flowcharts are shown in order to give the reader an additional overview
of the MATLAB code layout. The flow diagrams are split into three parts representing the major turbine system
component models, being models of the blades, nacelle and tower respectively.
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Figure O.1: Blade computational model flowchart
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Figure O.2: Nacelle (left) and tower (right) computational model flowchart
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P.3D Catia

Figure P.1: 3D CATIA Model
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