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Abstract

One of the major challenges that the world currently faces is the energy transition. The aim of most
countries worldwide is to reduce their carbon footprint, in order to slow climate change. Fossil fuel
powered energy generation is replaced with an increasing share of variable renewable energy sources
such as wind and solar energy. Because of the inherent uncertainty and intermittency of these renewable
power sources, large scale energy storage is considered inevitable in order to mitigate the mismatch
between supply and demand. However, storage comes at a cost and uses precious materials, of
which there might not be sufficient. Therefore, a whole range of solutions is being researched and
implemented. Currently, it is not well-known what mix of which solutions will be the most technologically
and economically effective.

The Low-Wind turbine is a new turbine concept, specifically designed for low wind speed conditions,
combined with a low rated and cut-out wind speed. The reduced normative loads on the blades enable
a re-design of several components, which ultimately results in lower costs. This new turbine concept
aims to be a system-friendly turbine, by decreasing the mismatch between production and demand and
thereby reducing the total amount of storage or overplanting required in the system.

This research assesses the effectiveness of the Low-Wind turbine in the Dutch energy grid, when it
is predominantly powered by renewable energy sources. A power model, specifically developed for this
research, simulates the power flows and optimises the seasonal storage required in order to meet the
constraints. The power model is simulated for a range of installed turbines, consisting of combinations
of conventional and Low-Wind turbines. This research also carries out a preliminary design off a Low-
Wind turbine, based of a reference turbine, in order to determine its costs.

The result of this study show that, if the cost of the installed wind farms dominate the costs, Low-
Wind turbines does not provide a cost-effective solution to minimising system costs. However, the
results also show that, in a situation where total costs are dominated by storage cost, the Low-Wind
turbine can provide a cost-effective alternative to conventional turbines. The results also show that, for
high overplanting factors, Low-Wind turbines and conventional turbines provide a similar effect on the
reduction of system costs, but at lower costs.
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Introduction & Problem Statement

This chapter introduces the topic of this thesis and describes the steps taken to complete it. Section 1.1
presents the general topic in which this thesis belongs. Section 1.2 describes the specific focus of this
thesis. Section 1.3 describes the problem analysis of this thesis. Section 1.4 describes the research
questions that have been formulated. Section 1.5 presents the methods that were used to answer the
research questions. Section 1.6 defines the scope of this thesis. Section 1.7 presents the report layout.

1.1. Topic & Context

“Itis unequivocal that human influence has warmed the atmosphere, ocean and land. Widespread
and rapid changes in the atmosphere, ocean, cryosphere and biosphere have occurred.”- (IPCC,
2021).

One of the great challenges that the world currently faces is the energy transition. In order to achieve
the goals set by the COP15 Paris Agreement, a substantial amount of renewable energy sources,such
as solar and wind, has to be implemented into the energy systems. Although solar and wind have the
potential to supply the worlds’ energy demand many times over, they come with their own challenges.
As these technologies depend on the weather conditions for their power generation, their output is
variable and unpredictable. To solve this challenge of intermittency and unpredictability of variable
renewable energy sources (VRES), this study considers the implementation of large-scale storage
solutions in the future power systems to be inevitable. However, storage comes at a cost and uses
precious materials, of which there might not be a sufficient amount. Therefore, other solutions can
be implemented to lower the total amount of storage required, such as: demand-side management,
cross-border connections or overplanting of VRES, or, potentially, new VRES concepts.

Every year the penetration of wind energy in Europe increases (Komusanac et al., 2020). In 2019,
15.4 GW of wind power was installed, resulting in a total capacity of 205 GW, as shown in Figure 1.1.
Onshore installations account for 76 % of the new capacity, while 24 % is installed offshore. During
2019, 417 TW h of the generated energy came from wind power, accounting for 15 % of Europe’s total
electricity consumption.

The yearly increase in installed capacity is a good trend overall, as it reduces the amount of fossil
fuels needed to meet Europe’s electricity demand. However, during periods where wind speed lower
than about 11 ms™', the actual maximum amount of wind power that is available at any moment in
the future is unpredictable, since it is proportional to the wind speed cubed at that time, which in turn
relates to the weather. Moments of high wind-speeds can result in an excess of wind energy, resulting
in low, and sometimes even negative electricity prices (Amelang et al., 2018). Negative energy prices
can occur when high and inflexible power generation and low electricity demand appear at the same
time. In hours of high (predicted) renewable energy power supply, producers offer their electricity for
prices below zero. Wind and solar plants are not reliant on fuel for their production and therefore they
can offer their power for the lowest price and are dispatched first.

1
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Figure 1.1: Total installed wind power capacity in europe from 2009 to 2019 (Komusanac et al., 2020)

Itis very rare to have moments in time when the total demand is exactly met by renewable generation.
At 6:00 AM on January 15¢, 2018 was the first time ever that approximately 100 percent of Germany’s
demand was met by renewable generation (Amelang, 2018). Moreover, while there have been moments
before when the total demand can be satisfied by renewable energy alone, conventional power plants
will still be running for several reasons. These reasons can be either technical or economical. A
technical reason for a conventional plant to keep running may be that the plant is unable to ramp-up or
down their production fast enough. An economical reason may be that the shutting down and starting
back up is too expensive. The plant may also need to keep operating in order to provide heat to a
district heating network or provide power in the balancing market.

Another problem that arises in power systems as the share of VRES increases is the loss of system
inertia (Ulbig et al., 2014). In a traditional power system, the generation of electricity is supplied by fully
dispatch-able and controllable plants and involves rotating synchronous generators. These generators
add rotational energy to the system through the kinetic energy stored in their flywheels/mass. Due to
electro-mechanical coupling the generator’s mass can supply or absorb energy from the grid in case
of a frequency deviation §f. The grid frequency has to be kept within a certain range for the stable
operation of the power system. Deviations from the nominal frequency f, have to be kept small to
reduce damage in synchronous machines. For even larger frequency deviations load shedding can
occur.

Since wind turbines and Photo-voltaic (PV) units are connected to the grid through an inverter, they
are essentially decoupled from the grid and do not detect deviations in the system (Ulbig et al., 2014).
The inverter is designed in order to maximise the power output of the VRES plant at any given time.
As VRES penetration increases, the system’s dynamics change. In large power systems the rotational
inertia becomes location and time-variant, depending on the amount of VRES-power being inserted in
a certain area at a certain moment. Large-scale integration of VRES moves the power system towards
an inverter dominated scenario, as shown in Figure 1.2. Reduced rotational inertia results in amplified
frequency dynamics and in turn larger frequency deviations.

The future Dutch energy system has to be a lot more flexible in order to cope with the high penetration
of VRES. A certain security of supply is expected by all the users of the grid and this has to stay
stable. The electrification of other sectors, such as transport and industry, puts even more strain on
the electricity network. These future challenges can be countered by a combinations of solutions, both
technical and nontechnical (Madsen et al., 2019), such as:

» A more flexible power system;

» Smart grids;
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Figure 1.2: Schematic representation of trend towards power systems with low system inertia. (Tamrakar et al., 2017)

+ Demand-side management

+ Batteries and other storage solutions;

 Stronger cross-border grid connections;

* Increased total capacity of Variable Renewable Energy Sources (VRES);

» Low wind speed turbines (explained below).

1.2. Focus

Historically, conventional wind turbines are designed to reach their rated power at wind speed around

11 to 13ms~'. Because a feed-in tariff (FIT) was paid for every produced kW h, wind farms were
insensitive to the actual wholesale energy prices, which reflect the balance between supply and demand (May,
2017). The main goal for a wind turbine design was to maximise the amount of produced energy for
minimal costs. This gave investors certainty for their return of investment but did not create incentive

to install system-friendly wind turbines. For a wind turbine, system-friendly designs aim at improving
overall system integration, rather than only minimising energy production cost.

A system-friendly solution might be a turbine with lower specific power (SP). The SP of a wind
turbines is defined as its rated power divided by its rotor diameter and is expressed in Wm™2. The
reduced SP can be achieved by combining a relatively large rotor with a small generator, compared to
conventional turbines. This results in turbines that can effectively produce energy at low wind speeds.
These so-called low wind speed turbines (LWST) produce more power at low wind speeds, have less
volatile energy production and increased annual full load hours (AFLH)(Dalla Riva et al., 2017).

This study focuses on a potential new VRES concept, namely the Low-Wind turbine concept. This
turbine concept is specifically designed for low wind situations, combined with a low rated and cut-out
wind speed. The reduction in rated wind speed reduces the loads on the turbine, which in turn reduces
the amount of material required and therefore the cost of several components, when compared to
conventional turbines of similar size. These turbines have a power curve that is shifted to the left,
reaching rated power at low wind speeds, and a cut-out wind speed at or around the point where
conventional turbines reach rated wind speeds, as shown in Figure 1.3. The "Conventional” power
curve shows a typical power curve of turbines that are currently installed, while the "LowWind” curve
shows the power curve of the new turbine concept.

Because of their altered power curve compared to conventional turbines, they compete less with
other conventional wind turbines in the energy market, as they generally produce significant energy
during different time periods. During high wind speeds, when conventional turbines are operating at
rated power, the Low-Wind turbines are shut off. The Low-Wind turbine concept aims to be a system-
friendly turbine by decreasing the mismatch between production and demand and thereby reducing the
total amount of storage or over-planting needed in the system. this study investigates the effect of the
implementation of Low-Wind turbines in the Dutch power system.



4 1. Introduction & Problem Statement

The Low-Wind turbine concept - ZMW turbine

4N

JLEH]

¥ 1500
i Cormentions
B 1000
T —— LoratsVind
5
¥ ooy \

|_'| ¥

o 5 10 15 20 15

Wind spoed [mifs]

Figure 1.3: graph showing power-curves of a conventional and a low-wind turbine (Madsen et al., 2019)

1.3. Problem Analysis

Wind turbines have historically been designed to produce rated power at high wind speeds, mainly due
to feed-in tariffs. However, as the penetration of wind turbines and other VRES increases in order to
meet the goals set in the COP15 Paris agreement, the intermittency and uncertainty of these VRES
pose challenges that need to be overcome. Solutions such as a more flexible power system, smart
grids, storage, stronger cross-border links, an increased total capacity of VRES and Low-wind turbines
all have to be taken into consideration and their effectiveness researched. A combination of these
solutions, if not all solutions, will have to be implemented in order to create the sustainable energy
system of the future.

Currently, it is not well-known what mix of solutions will be the most technologically and economically
effective. For this study it is assumed that storage will play a major role in the future energy system,
to mitigate the effects of intermittency and uncertainty of supply. This study will focus especially on the
technical and economic effects the Low-wind turbine concept has on the required amount of seasonal
storage and the combined cost of storage and offshore wind farms. Since such a Low-wind turbine
are not yet in use, there currently is little knowledge available about technical and economic viability of
such a turbine. This study will also carry out a preliminary design of such a turbine in order to create
insight in the technical and economic viability. With this information, this study draws conclusions about
the effectiveness of the Low-wind turbine concept. Given that these turbines can be produced cost-
effectively, they may be able to cost-effectively reduce the amount of storage capacity needed to create
an energy system running predominantly on VRES.

1.4. Research Questions

In this study of the Dutch power system, the main objective is to understand the effect of the new Low-
Wind turbine concept on the required storage capacity and costs of the energy system. Sub-questions
used to achieve his objective are listed below:

* What will be the cost of a Low-Wind turbine?

» What is the effect of implementing Low-Wind turbines in the Dutch power system on the required
seasonal storage capacity?

» What is the effect of different storage technologies on the required seasonal storage capacity?

* What is the effect of implementing Low-Wind turbines in the Dutch power system on the system
costs?

* What is the effect of different storage technologies on the system costs?
* how sensitive are these effects to the cost of the Low-Wind turbines?

* How sensitive are these effects to the cost of the storage technologies?
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1.5. Methodology

This section briefly describes the activities done to answer the research questions. These activities
are:

1. Develop the power system model for the Dutch power system, containing models to simulate
wind and PV power, demand, storage and cross-border connections;

2. Develop Low-Wind turbine scaling and cost model;

3. Determine optimisation criteria and develop an algorithm to optimise the required storage capacity
for a certain amount of installed offshore turbines and constant onshore VRES;

4. Develop cost calculation method;
5. Obtain historic demand time series for the Dutch energy system;

6. Obtain historic meteorological data for the same year as the demand, in order to have correlation
between demand and weather conditions;

7. Obtain cost figures for power system components;
8. Collect and analyse results of initial simulations;

9. Develop and perform sensitivity analysis, discuss results and generalise results.

1.6. Scope

In this section, the scope of the thesis is defined as:
+ This research is limited to the Dutch power system;
» This research incorporates geospatial variation in VRES power output;
« All simulations in this research contain a fixed amount of onshore Photovoltaic power generation;
+ All simulations in this research contain a fixed amount of onshore wind power generation;
* This research will only focus on the design of an offshore Low-Wind turbine;
 This research will not focus on optimal wind farm layout;
» This research uses historical data to model the demand of the Dutch power system;
» The model only simulates power flows, and does not deal with active and reactive power;
+ Grid congestion is not considered an issue in this research;
» The Low-Wind turbine is designed by applying scaling relations to a reference turbine;

* The models developed during this research are not validated against other models;

1.7. Readers Guide

This section describes the layout of the report. Chapter 2 describes the working principles of the power
system model that was developed for and during this thesis. The chapter starts with a flowchart and
general overview of the power system model, after which the physical equations used to model the
individual components are described. Then, the storage optimisation algorithm is presented, after
which the model and optimisation algorithm are verified to be working properly. Finally, the cost
calculation method is presented. Chapter 3 describes the scaling and cost model that is developed
to design the Low-Wind turbine and determine its cost. A flowchart is used to visualise the different
components of the turbine scaling model. After this, the rationale behind the scaling philosophy are
described. Then, the scaling and cost rules are described per considered turbine component. Finally,
the equation for the cost of the newly designed Low-Wind turbine is presented. Chapter 4 presents the
inputs used in the simulations. First, the two reference turbines used in this study are presented. The
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model uses an onshore turbine for the onshore wind parks. The offshore turbine serves two purposes:
it serves as the conventional offshore turbine and as a the reference turbine which the Low-Wind turbine
is based off of. Then, the parameters for the onshore and offshore wind farms are presented. Then, the
parameters for the solar farms are described. Lastly, the parameters are given for the different storage
technologies that have been simulated. Three different storage technologies have been simulated,
of which their characteristics and costs are presented. Chapter 5 presents and discusses the initial
results from the model, as well as the sensitivity analysis. The results show the effect of the Low-Wind
turbine has on the required storage capacity and costs. The sensitivity analysis shows the effect of
changing costs of the Low-Wind turbine and the storage technologies. Combining the results of the
initial simulation and the sensitivity analysis, general conclusions about the effectiveness of Low-Wind
turbines are drawn. Chapter 6 concludes this thesis by answering the research questions and giving
recommendations for future research that can expand upon this thesis.



Power System: Model Description

This chapter describes the working principles behind the different modules in the electric grid model.
Section 2.1 presents and describes the complete model of this thesis using a flowchart. Section 2.2
further details the main components of the power flow model. Section 2.3 presents the implementation
of wind power in the model. Section 2.4 describes the working principles of solar power within the
power flow model. Section 2.5 describes the modelling of the energy storage. Section 2.6 describes
the data used for the Dutch energy demand. Section 2.7 explains the optimisations algorithm that was
developed to optimise the storage capacity. Section 2.8 describes the calculation of the yearly total
system cost. Section 2.9 presents and discusses the verfication of the power model and optimisations
constraints.

2.1. Flowchart

The power model consists of generation, storage and consumption. The electricity system is modelled
to simulate power flows and supply and demand matching on an hourly timescale. Short term power
fluctuations, AC power factor correction,grid stability and grid congestion are not modelled. Figure 2.1
gives a graphical representation of the model. The flowchart can be read from left to right. The orange
slanted blocks indicate model inputs, the blue squares indicate the different model components and the
green slanted blocks indicate model outputs. The power model runs for a set amount of conventional,
Low-Wind offshore turbines and storage capacity. These offshore turbines are distributed over the
offshore parks such that each parks is filled to the same percentage of its maximum capacity. The
power flow model simulates the power flow between generation, load, storage, import and export.
The outputs of this model are timeseries for the different parameters within the model, such as import,
export, state of charge, etc. Based on the values of these timeseries, the storage optimiser uses a root-
finding algorithm to determine the amount of storage needed to satisfy the constraints. The optimisation
is explained in more detail in Section 2.7. The wind farm and storage cost model determine the CAPEX
and OPEX for the installed wind turbines and storage, respectively.

2.2. Power Flow Model Overview

In Figure 2.2 a schematic representation of the power flow model is shown. This model consists of 5
components: wind power, solar power, load, storage and import/export to other countries. Each wind-
and solar farm has a different geographical location, and the model selects the nearest available dataset
from the meteorological hindcast data. Using the wind speed and irradiation at the specific location,
the model calculates power generation for every time step. The onshore wind and solar generation
are grouped into a single geographical location per province. The offshore wind farms also us a single
location per farm, as to not accidentally place one of the types at a more favourable location, which
could skew the results. The load is modelled using historical data, which represents the total electric
energy demand of The Netherlands (ENTSO-E, 2021). For a given amount of onshore turbines and
PV-area are installed for every province, explained in Section 2.3.9 and Section 2.4.2. Specifics of the
simulations and their respective inputs are explained in Chapter 4.

7
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Figure 2.2: Schematic representation of the power flow model of the dutch grid

2.3. Wind Power

This section describes the implementation of wind power in the model. The redesign of the Low-
Wind turbine and calculation of its cost is more elaborate, and therefore explained in Chapter 3. Each
simulation, explained in Chapter 4, consist of the same amount of onshore turbines and PV farms, and a
variable amount of offshore turbines. The Low-Wind turbine will only be placed in the offshore locations.
The fixed onshore capacity is divided over the different provinces, to create location dependent power
generation. Section 2.3.1 describes how the model calculates the generated power for a wind turbine.
Section 2.3.2 describes the wind speed data. Section 2.3.3 explains the turbine spacing and thereby the
land use per turbine. Section 2.3.4 states loss factors for the wind farms. Section 2.3.5 describes the
locations and area available for offshore wind turbines. Section 2.3.6 states the costs of the components
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of an offshore wind farm. Section 2.3.7 states the installation costs of the different offshore wind
farm components. Section 2.3.8 describes the maintenance, operations and decommissioning costs
of a wind farm. Section 2.3.9 describes the locations and area available for onshore wind turbines.
Section 2.3.10 describes the reason why the costs of the onshore wind farms are ommitted from this
study.

2.3.1. Turbine Power Generation

The power generated by a single wind turbine is modeled using the power curve of the turbine. Because
of the large time-step used in the model, turbulent fluctuations of the wind speed and direction are
assumed to even out, and the average wind speed per hour is used. The equation for the power of a
turbine is stated in Equation (2.1):

0 For cht—in > th(t) > cht—out
1 3

Pryrpine (t) = 2 Nturbine * €p * Pair 'Arotor : V(t)hh For cht—in < th(t) < Vrated (2-1)
Prated For Vrated < th(t) < cht—out

Where P, pine(t) is the turbine power output at time t, n:urpine IS the turbine efficiency, cp is the
design coefficient of performance, p,;, is the density of air, A,,:. is the rotor diameter, V(t)flh is
the wind speed at hub height at time ¢, V.,;—in and V.,+_,.: are the cut-in and cut-out wind speeds,
respectively. The wind speed at hub height is calculated by applying the power-law to the measured
windspeed. The power law is stated in Equation (2.2) (Manwell et al., 2002).

h a
V() = V(hyer) - ( href) (22)

Where V (h,..f) is the known wind speed at reference height, h is the height where we want to know
the wind speed, h,. is the reference height and « is the power law exponent. For a two values can
be used, depending on the location of the wind turbine.

Table 2.1: Overview of a-values for different wind turbine locations (M. Zaayer et al., 2018)

Wind Turbine Location Typical a-value
Land Based 0.143
Off-Shore 0.11

2.3.2. Wind Speed Data

The wind speed data used in this model comes from the European Center for Medium Range Weather
Forecasts (ECMWF). The ECMWEF uses forecast models and historic data to create global data sets of
the atmosphere, land surface and oceans. The model uses ERAS5 hindcast data(Hersbach et al., 2018)
for the calculation of the wind power generation at every timestep. Using historic data and atmospheric
models they produce a grid of estimates of atmospheric conditions, essentially filling in the spatial gaps
between measurement locations. The dataset used in the model consists of the reanalysis data for
2019. 2019 is chosen as this is the same year as the load data, so there is correlation between the
load and weather conditions. The data has a temporal resolution of 1 hour, and a spatial resolution of
0.25° x 0.25°. A time-step of 1 hour is deemed sufficient to research the effect of the Low-Wind Turbine
on seasonal storage.

2.3.3. Turbine Area Use

The amount of turbines that can be installed in a given wind farm location is determined by the total
area available and spacing of the turbines. For ease of calculations, the turbines are assumed to be
placed in a rectangular pattern with sides of length m - D and n - D meters, as shown in Figure 2.3. In
the figure side m - D is square, while n - D is parallel to the prevailing cross wind direction. In this study
the wind farms will all have a uniform spacing of m = 5 and n = 10, as this reduces the array losses of
wind farm (Manwell et al., 2002).
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Figure 2.3: Schematic representation of turbine spacing

This results in the simple Equation (2.3) for calculation of the area-use per turbine A;y pine, With
Dyotor the rotor diameter and m and n being values for the amount of rotor diameters between turbines.
The amount of turbines in a wind farm is then easily calculated by dividing the total area available by
the area-use per turbine.

Aturpine =m-n: Drzotor (2.3)

2.3.4. Wind Farm Losses

In order to make the wind farm model a more realistic representation of reality, the power model
implements wind farm losses. This thesis takes the following losses into account: wake losses, transportation
losses, and availability of the wind turbines in the wind farm. Wake losses are a result of decreased
wind speed and increased turbulence due to energy extraction by the upwind turbines. Transportation
losses are a result of electrical losses in the export cables. All wind farms will use an AC grid connection.
Availability of the wind turbines in the wind parks is not 100 %, as turbines will be unavailable for
production due to maintenance or failure. The effect of these three losses on the wind farm power
output can be calculated using Equation (2.4):

Pfarm(t) = Prurbine (t) ' Nturbs,farm ‘Nwake * (ntransport ' Lcable,trunsport) *Navailability (24)

where Py pine (t) is the power output of the undisturbed turbines, Niyrps farm i8S the number of
turbines in the wind farm and nyqke, Ntransports Navaitabiticy are the efficiencies due to wake losses,
transport losses and turbine availability, respectively. Based on a wind farms geographical location, the
length of the wind farm export cable Lcgpie transport iS determined by taking the shortest straight path
to either IUmuiden, Borssele or Eemshaven.

2.3.5. Offshore: Installed Capacity

Figure 2.4 shows a map of the area of interest for this study. Within this offshore area, the Exclusive
Economic Zone (EEZ) of the Netherlands, the Dutch government selected designated areas for the
exploitation of offshore wind. This study uses these areas in the powermodel, filling the areas with
conventional and Low-Wind wind turbines. Each wind farm gets a geographic coordinate for which the
nearest hindcast data is found. The Dogger Bank, which is in the top left corner of the EEZ is also
considered. For a certain simulation, the amount of turbines are divided over each park such that all
parks are filled for an equal percentage of their maximum.



2.3. Wind Power 11

Figure 2.4: Map of Dutch Exclusive Economic Zone indicating designated areas (UNESCO, 2021)

2.3.6. Offshore: Components Costs

A wind farm consists of several other major components, besides the actual wind turbines. These
components are called the Balance of Plant (BOP). The BOP consists of the following components:
array and export cables, Offshore substations, onshore substations and an operations base. The cost
figures of the different components used in the model are described in Section 4.3.4.

2.3.7. Offshore: Installation Cost

Beside the cost of the components of the wind farm, they will also have to be installed. The installation
costs of an offshore wind farm considered in this study are: Foundations, substations, offshore cable
installation, export cable installation, turbine installation. Other costs which are considered ass well
are logistic costs and other costs, such as insurance and contingency. The cost figures used for the
different installation costs are described in Section 4.3.5.

2.3.8. Offshore: Maintenance, Operations and Decommissioning Costs

The Operations and Maintenance (O&M) costs of a wind farm are assumed to be constant and independent
of turbine rated power. The O&M consist of tasks such as personnel training, health and safety, control
and operation of the wind turbines and BOP. Maintenance tasks are performed to keep the wind farms
operational during their lifespan and consists of planned maintenance and response to unforeseen
faults. Both the operations and maintenance cost figure occur on a yearly basis. The cost figures used
for the O&M costs are described in Section 4.3.6.
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2.3.9. Onshore: Installed Capacity

The Dutch power grid modelled in this thesis will be partially powered by onshore wind turbines. The
amount of onshore turbines is a fixed amount of installed power for every simulation. The installed
capacity for every province will be satisfied by installing land-based reference turbines until that capacity
is satisfied. For simplicity, a single wind farm is created for each province. The desired installed capacity
per province is described in Section 4.3.2.

2.3.10. Onshore: Costs

The cost of the onshore wind farms in this study are not calculated. Since the onshore wind farms are
kept constant for all simulations, these will just add a constant cost value. This unchanging cost figure
is not of interest to the study, so it is therefore omitted.

2.4. Solar Power

This section describes the implementation of solar power in the model. For each simulation, described
in Chapter 4, the solar power partially powers the Dutch energy grid. The model uses a fixed installed
solar capacity for all simulations. Section 2.4.1 describes the working principles of the solar power
calculations Section 2.4.2 describes the method for the sizing of the solar installed capacity. Section 2.4.3
gives an explanation for the fact that the cost of solar is not importance to this thesis.

2.4.1. Solar Power Generation

For the calculation of the power output of a PV array, the amount of radiation, irradiance for short, on
the PV surface has to be determined. The equations used to model the solar irradiance on a pv model
are taken from (Smets et al., 2016). Figure 2.5 gives a schematic representation of the direct, diffuse
and reflected component of solar radiation incident on a tilted PV surface.

Irradiation on a sloped module

Tilted
module

Figure 2.5: Schematic representation of the different components of solar radiation incident on a PV surface (Ecosmartsun,
2021)

To calculate the irradiance on a PV surface at a given location and time we need to know the amount
of solar radiation coming from the sky, the position of the sun and the orientation of the PV surface.

The model uses ERAS hindcast data(Hersbach et al., 2018) for the calculation of the solar power
generation at every timestep. The two irradiation variables used in this thesis are "Surface solar
radiation downwards” and "Total sky direct solar radiation at surface”, where the first represents the
Global Horizontal Irradiation (GHI), and the latter represents the Direct Normal Irradiance (DNI). The
total irradiance on a PV module G, (t) can be calculated using Equation (2.5),

Gu(®) = G (0 + Gy (0 + 6l () (2.5)
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where Gdirect is the direct component from the sun, G775 is the diffuse component coming from

the rest of the sky and GZ " is the reflected radiation from the ground. These components can be
calculated using Equations (2.6) to (2.8),

Gdirect(ty = DNI(t) - cos(y (b)) (2.6)
GIITuUse 1y = GHI(t) - SVF (2.7)
G () = GHI(E)  Agroyna - (1 — SVF) (2.8)

where cos(y(t)) is the cosine of the angle between the normal vector of the tilted PV module and
the direct solar beam, SVF is the Sky View Factor and ay,ynq is the ground albedo. After calculation of
the irradiance on a module, the AC power at each time-step P, (t) is calculated using Equation (2.9),

Pac(t) = Am - Gy (1) - npy (2.9)
where 4,, is the module surface area and 7py is the total PV system efficiency. In reality, total

PV system efficiency comprises a lot of different components and is a function of temperature and
irradiation. However, the modelling of these effects results in lengthy calculations.

2.4.2. Solar: Installed Capacity

For the total solar installed capacity a different approach is developed, as there are no clear goals
for the amount of installed capacity by either 2030, or 2050. Instead, it is derived using the data
available for the onshore wind turbines, and the goal set by the Dutch government, to have a total
annual energy production on land of at least 35 TW h by 2030 (Ministerie van Economische zaken en
Klimaat, 2019). Since the area available for onshore wind turbines is fixed, as stated in Section 2.3.9,
the yearly production of these wind turbine is calculated using the model. This yearly production can
then be subtracted from the 35 TW h goal to determine the production needed from solar energy. The
total surface area of solar panels needed to satisfy the production goal is found using a root-finding
algorithm. for this, and the rest of the optimisation problems in this thesis, Brent's method is used for
the root finding algorithm. The function that is used to determine the required solar panel is stated in
Equation (2.10):

f(x) = Etot,onshore - Etot,wind - Etot,solar (x) (210)

Where Etyt onsnore 18 the desired annual onshore energy production, Et,;ing is the total annual
onshore wind energy production and Ey¢ 5014 () is the total annual solar energy production for a certain
solar area x.

All PV arrays in the model are south facing with a tilt angle of 35°, and a row distance of 9 m. This
orientation produces the largest annual energy yield, while the row spacing ensures that shading of the
panels does not occur.

2.4.3. Solar: Components and maintenance Costs
The cost of the PV installation and maintenance are not calculated in this study. The different scenarios
for which the model is run all use the same amount of solar power. Essentially, the modelled PV
installation is constant for all scenarios. Therefore, it is not deemed necessary to calculate the costs
of this pv installation, as these will be the same for all scenarios.

2.5. Energy Storage

This section describes the modelling used for the storage in the system. Section 2.5.1 describes the
characteristics that have been used to model the storage technologies. Section 2.5.2 describe the
storage charging and discharging logic. The different types of storage that have been analysed in this
study are presented in Section 4.5.

2.5.1. Storage Characteristics
This study focuses on the effect of Low-Wind Turbines on the amount of seasonal storage and ultimately
the cost-effectiveness of this new turbine concept. The power model models all storage technologies in
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the same way, based on 4 characteristics: Capacity, efficiency, maximum discharge rate and maximum
depth of discharge (DoD) The maximum charge and discharge rates of the storage capacities are all
limited to 20 % of their total capacity per time step.

2.5.2. Charging and Discharging Logic

The storage in the system is used to mitigate the mismatch between the load and supply as much
as possible. The working principle of the storage model is shown in the flowchart in Figure 2.6.
The storage technologies are all insensitive to market incentives. The maximum amount that the
storage can store for each timestep is bounded by its maximum charge-rate and its maximum allowable
state of charge (SOC). The minimum amount that can be stored for each time step is bounded by its
maximum discharge-rate and it minimum allowable SOC. All energy that can not be stored is exported
to neighbouring countries or curtailed. All energy that can not be supplied by storage is imported from
neighbouring countries. Efficiencies are applied twice, both when charging and discharging.

Read Mismatch

No No

Mismatch <0
export mismateh Import mismateh No charging
No charging }*’ togid [ ) No discharging fomgrid [T ) No discharging
mismatch > No Charge with fismatch > ma
charge
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Discharge with Import rest from
maxcharge grid

Discharge with No import
mismatch No export
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SOG_max - SOC port rest to gf

Discharge with Import rest from
S0C - Min_SOC grid
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maxcharge [Export rest o grid 4@ ‘max charge on End End ERROR

Figure 2.6: Flowchart showing the battery model charge and discharge logic

2.6. Dutch Energy Demand

The energy demand in 2050 is modelled using an existing historic dataset for the entirety of The
Netherlands. This data is made publicly available by ENTSO-E, on their transparency platform (ENTSO-
E, 2021). This is a simplistic approach to model the future energy demand of The Netherlands.
The energy demand in 2050 will most likely have a different pattern compared to the one we see
today. Advancements in efficiencies of electric devices decrease the total yearly amount of energy
required. Market mechanisms such as demand-side management, where demand shifts to a period
where there is sufficient generation, can change the shape of the daily load curve. Furthermore, the
increasing population of The Netherlands increases the total amount of energy. The electrification of
previously fossil-fuel powered sectors puts another strain on the Dutch electric grid. The effects that
the phenomena described above have on the shape of load profile is beyond the scope of this thesis.
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2.7. Storage Optimisation

This section explains how the sizing of the storage within the system is done for each simulation.
The goal of the system sizing is to determine the amount of storage needed for a certain amount
of conventional and Low-Wind turbines, in order to determine the effect of implementing the Low-
Wind turbines on the total amount of storage capacity required. The power flow model consists of the
following components: generation, demand, storage and import/export to neighbouring countries. The
generation and storage components have to be sized correctly, such that the energy system functions
properly, at minimal costs. As already discussed in the previous section, the onshore generation in the
form of solar and wind is fixed for all scenarios. Demand can not be changed and has to be satisfied at
every time-step, as it is not desirable to be without power. Import and export of energy act as a safety
net, ensuring that demand can still be satisfied in situations where the Dutch generation and storage
fail to do so.

The system is sized by formulating constraints for the import and export and calculating the minimum
amount of storage needed that satisfies these constraints. The constraints on the system are stated in
Equations (2.11b) to (2.11i):

mxinf(x) = amount of storage (2.11a)
s.t.: Pstorage(t) + PVRES(t) + Pimport(t) = Paemana (t) vi (2-11b)
Eonshoreannuar = 39 TWh (2.11¢)
Pexport(t) * Pimpore(t) =0 vt (2.11d)
SOC(t = 0) < SOC(t = Tong) (2.11e)
Eproduced,annual = 90% - Edemand,annual (2-11f)
Eimport,annual <10%- Edemand,anual (2.119)
Eexport,annual <10% - Edemand,anual (211h)
Pimporc () < (90%  Lrees® 10%) Pomporemax Ve (2.11)
VRES,total

Poporc(t) < (—90%  Lvres(®) 100%) Porportmar Y (2.11))

VRES,total
Pexport(t): Pimport ) < Pexport,max vt (2.11k)
Poxport(t) * Pimpore(t) =0 vt (2.111)

Although the the problem statement above might seem like classical optimisation problem, another
approach is taken in this thesis.

First, Equations (2.11b), (2.11c), (2.11f), (2.11k) and (2.11l) are handled by the internal model logic.
Equations (2.11h) and (2.11j) are used together after a simulation has ended, in order to determine what
portion of the exported energy has been sold to neighbouring countries, generation annual revenue.
Since energy that could not be sold can always be curtailed, these constraints can always be met.
Using them as constraints in the optimiser would mean that for simulations with high overproduction
factors, the amount of storage would have to increase in order to be able to store all the enrgy

Equations (2.11g), (2.11i) and (2.11k) are used as constraints for the storage optimiser. The optimal
amount of storage for each simulation is determined by using the same root-finding algorithm as is used
for finding the total solar surface area. Specifically, the root-finding algorithm called "Brent’s method”.
However, since this algorithm’s goal is to find the roots of a given function, we can not use it to determine
the amount of storage directly. To overcome this problem, the remaining constraint are restated, such
that when they are satisfied they will have a root at the respective storage capacity. This behaviour of
the constraints is achieved by dividing the desired value of each constraint by the value found during a
simulation and subtracting 1. In essence, this normalises the constraints, and it will result in a negative
value when the constraint is satisfied. for Equation (2.11e) the difference between the SOC at the start
and end is calculated, and logic is implemented that outputs 1 when the SOC is lower at the end, and
-1 if the SOC is equal or higher, signalling the constraint has been met. The object function has been
formulated in such a way that it will return the highest value of the normalised constraints. The root
finding algorithm then finds the minimal amount of storage needed for all constraints to be at or below



16 2. Power System: Model Description

zero. The taken approach however only works when all constraints are monotonically decreasing for
increased storage capacities, which is proven in Section 2.9.2.

2.8. System Cost and Revenue

This section describes the calculation of the yearly total system cost for the different simulations. The
goal of calculating the system cost is to asses whether the Low-Wind turbine could be a cost-effective
solution for the different scenarios. The system cost does not contain the cost of all components
in the system, as this is not deemed either necessary or feasible. Components in the system that
are constant for each simulation are omitted, since the cost of these components do not affect the
which combination of offshore conventional turbines, Low-Wind turbines and storage capacity results
in minimum costs. Since the size of the onshore wind turbines and PV generation remains unchanged
between the different scenarios, their costs will be the same as well, and are therefore not of interest.
The price for both the imported and exported energy is set at 0.72 € /MWh (CBS, 2021). For this study
it is assumed that the transmission and distribution grid within the Netherlands is able to handle a high
VRES penetration and that it will remain constant between the simulations.

The power system also generates revenue by exporting energy to neighbouring countries, while
the import of energy incurs extra costs. Cost figures for the components used in this model have
been described in the sections above. However, these costs have been divided in capital expenditures
(CAPEX) and operational expenditures (OPEX). For simplicity all costs are calculated on a per-year
basis, so that they can be added together into a single parameter for each simulation. The yearly cost
of an individual component is calculated using Equation (2.12):

Ccomponent,CAPEX
a

Ccomponent,y =

+ Ccomponent,O&M (2-12)

Where ccomponent,caprex is the CAPEX of the component, a the annuity factor and ccomponent,0am
the component OPEX. The annuity factor can be calculated using Equation (2.13) (M. B. Zaayer, 2000):

TI

N (L
a=2(1+r)‘f=M (2.13)
n=1

r

where N is the number of components, r is the real interest rate and T’ is the economic lifetime of
the component after construction. In this study the real interest rate r is set at 10 % (Renewable Energy
World, 2021). The cost of the different scenarios composes of the sum of the cost of all components,
costs incurred from the needed import of energy minus the revenue generated from export of energy,
as shown in Equation (2.14):

n=N

Ctotal = (Ccomponent,n) + CO&M,system + Cimport : Eimport - Cexport : Eexport (214)
1

where N is the number of components, ccomponentn 1S the cost of component n,cogum system are the
O&M costs of the energy system, c;mpor is the cost of a unit of imported energy, Eip,por¢ is the annual
imported energy, c.xpor: IS the price received for exported energy and E, . is the annual exported

energy.

2.9. Model Verification

This section describes the verification of the model that is created during and for this thesis, and shows
that the implemented optimisation approach has the desired behaviour. Only the system behaviour
and optimisation are verified. The cost modelling is not verified here, but is a subject of the sensitivity
study. The goal of this section is to show that the power model and optimisation work as intended, and
can be used for the generation of the results. Section 2.9.1 demonstrates the behaviour of the model,
by showing data from a single, arbitrary run. Section 2.9.2 shows the behaviour of the constraints that
have been implemented in the optimisation, in order to validate that an optimum storage capacity can
be found using the chosen approach.
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2.9.1. Power model behaviour

This section shows that the power model designed for this thesis works as intended. The settings for
the simulation are 1500 conventional offshore turbines and a storage capacity of 1 x 10> MW h. This is
not considered optimal, but these settings are chosen for demonstration purposes. The chosen amount
of turbines results in a slight annual overproduction, while the storage capacity is smaller than actually
needed. The storage has a minimum and maximum SOC of 0.2 and 0.8, respectively. The chosen
combination of storage capacity for the amount of turbines ensures that import and export will occur
more frequently, while the battery also reaches its set minimum and maximum SOC often, in order to
show that the model-logic is correct. Figure 2.7 shows the time series for the first week of a single
simulation.
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Figure 2.7: Graphs showing power model behaviour during the first week of a simulation

Figures 2.7a to 2.7c show the mismatch between supply and demand, SOC of the storage and
export and import data for the first week of the simulation, respectively. The vertical dashed lines
indicate moments in the time series where the mismatch switches from positive to negative. Looking at
Figure 2.73a, it can be seen that for moments where the mismatch is negative, the SOC starts dropping,
which means the storage is supplying energy to the system in order to meet demand. Then, when the
storage reaches it minimum SOC and can not be used anymore, energy needs to be imported into the
system, which can clearly be seen happening in Figure 2.7c. During moments of positive mismatch,
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meaning a surplus of energy, the opposite behaviour can be seen. First, the storage charges up to
its maximum SOC, after which the rest of the energy is either exported to neighbouring countries or
curtailed. From Figure 2.7c we can also deduce that import and export or curtailment never happen at
the same moment.

2.9.2. Optimisation Constraint Behaviour
Figures 2.8a, 2.8b and 2.8c show plots of the constraints used to optimize storage capacity.

Figure 2.8a shows the behaviour of the constraint on the annual import, stated in Equation (2.11g).
The curves show that, for increasing storage capacity, the amount of annual import decreases, which
is as expected. Increasing the storage capacity ensures more of the generated energy can be stored,
reducing the need for import. Also, for increased generation capacity the lines shift to the left, which is
also expected behaviour. Having more energy available in the system means there are fewer moments
of mismatch and the system has enough energy in storage more often, so it becomes less reliant on
import of energy.

Figure 2.8b shows the behaviour of the constraint on the maximum instantaneous import, stated in
Equation (2.11i). In this graph it can be seen that the individual lines switch from positive to negative
quite abruptly. The abrupt change can be caused by the fact that a certain point in the time series is
normative, and once a large enough storage capacity solves this point the constraint is satisfied. This
indicates that the model might be very sensitive to this constraint. Again we see than for increasing
installed generation the curve shift to the left, reducing the storage capacity needed to satisfy the
constraint. However, this effect becomes marginal for further overproduction, since all curves are very
close together.

Figure 2.8c shows the behaviour of the constraint on the physically allowable import constraint,
stated in Equation (2.11k). The shapes of the curves are similar to the previous graph, which is to
be expected since the constraints are also quite similar. This constraint also demonstrated the same
abrupt characteristics as the previous constraint.

From the graphs we can conclude that all constraints are monotonically decreasing, making them
suitable to use in the root-finding algorithm. The abrupt nature of the constraints was not expected, but
the exact cause of this is not investigated in this study.
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Low-Wind Turbine: Cost and Scaling
Model Description

This chapter describes the model that was used in order to design the Low-Wind Turbine. The goal
behind the model is to calculate the cost of the scaled components and determine the cost of the Low-
Wind Turbine. Section 3.1 shows a flowchart of the Low-Wind Turbine model, to visualize the different
parts of the model. Section 3.2 describes the rationale behind the modelling choices. Section 3.3
describes how the data of the reference turbine is acquired and used. Section 3.4 describes the scaling
rules applied to the blades. Section 3.5 describes the determination of the mass and cost of the direct
drive generator Section 3.6 describes the redesign of the wind turbine tower.

The blades have to be adjusted, so they still operate at optimum performance at the new rated wind
speed and TSR, explained in Section 3.4. The new chord lengths result in a different blade mass. The
direct drive generator mass and cost are scaled, based on the new torque in the low speed shaft (LSS),
explained in Section 3.5. The tower dimensions are scaled under the assumption that the compression
stress at the top of the tower and the bending stress at the bottom of the tower have to be kept constant,
explained in Section 3.6.

3.1. Model Flowchart

Figure 3.1 shows a flowchart of the Low-Wind Turbine scaling model. The Flowchart is read from left
to right and top to bottom.

The Low-Wind Turbine Scaling model is separated into four different components, indicated by the
square blue blocks in the flowchart. The major components of the model are the scaling models for
the blades, generator and tower and the calculation of the total Low-Wind turbine Cost. The slanted
orange blocks on the left-hand side of the flowchart indicate the data of the reference turbine that is
imported into the model, while the slanted green block indicate output data of the different modelling
components.

3.2. Rationale

The goal of the scaling rules in the following sections is to determine the cost of the Low-Wind Turbine,
while also having a feasible preliminary turbine design. The Low-Wind Turbine is designed by taking
a reference turbine and applying scaling rules to several wind turbine components. Reference wind
turbines are theoretical wind turbines with publicly available designs, specifically developed for research
purposes.

The rated power of the wind turbine is reduced by reducing the rated wind speed, in order to make
it a Low-wind Turbine. According to Blade Element Momentum theory (BEM) the rated power B ;04 Of
a turbine can be calculated using Equation (3.1):

Pratea = Enturbine *Cp * Pair - ZT[ : Dgotor : Ugated (3.1)
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Figure 3.1: Flowchart showing Low-Wind Turbine Modelling Components

where 1,-pine the total turbine efficiency, c, the turbine power coefficient, pg;, the air density, Dy¢or
the turbine rotor diameter and U,.,;.4 the turbine rated wind speed. Using this equation, a rated power
P.qteq Can be determined for a given rotor diameter and rated wind speed. During scaling the rotor
diameter is kept constant as to not stray from the original design length. The turbine power coefficient
cp is kept constant at the same value as the reference turbine, since the scaling of cord and twist
ensures unchanged aerodynamic performance. The reduced rated wind speed results in lower loads
on the wind turbine. In turn, the reduction of the loads on the turbine create room in the design to
reduce the amount of material needed, which in turn reduces the cost of the scaled components.

The redesign of the components changes their mass, and the mass of the components is used to
determine the cost. In the case of the tower top, the mass of all the components supported by it is
needed to calculate the compression stress. The components which mass and cost are scaled in this
thesis are the blades, direct drive generator and the tower. An overview of the main components of the
Low-Wind Turbine, their respective design drivers and design variables are shown in Table 3.1.

Table 3.1: Overview of main Wind turbine Components, their respective design driver and design variables

Component Design drivers Design Variables

Blades Aerodynamic performance, U,qted, Arated
Stress, Tip deflection

Generator Torque Urateds Arated

Tower Thrust, RNA-weight Urated

Gearbox Not Applicable

Controller None

Rotor Hub None

Transformer None

Nacelle None

Other None

At the time of writing this thesis, the IEA 15 MW reference wind turbine (Gaertner et al., 2020a) is the
reference wind turbine with the largest rotor diameter of which sufficient information is publicly available,
making it a viable starting point for the design of the Low-Wind Turbine concept. During this thesis the
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IEA 15 MW reference wind turbine serves two roles. The first role is providing a design that is adjusted
by applying scaling rules, in order to design the Low-Wind Turbine. The second role is providing cost-
and mass-figures, which are used to determine the cost of the Low-Wind Turbine, either by applying
scaling relations to the cost- and mass-figures or using them unchanged for the components that are
not scaled.

Due to the limited time and scope of this thesis it is not deemed either feasible or necessary to
calculate the mass and cost of every Low-Wind Turbine component. The exact cost of each individual
component is not of extreme importance as this thesis focuses on the big picture of the entire Dutch
energy grid. Furthermore, not all component mass and/or cost scale with thrust, power, rotational speed
or other parameters. The exact mass and cost of the unscaled components are considered to be of
less importance to the overall cost of the turbine.

3.3. Acquisition and Use of Reference Turbine Data

The IEA 15 MW reference turbine data used in this model come from three different sources in order
to provide sufficient data. The report (Gaertner et al., 2020a) explains the turbine design and gives
information about the performance. The IEA Wind Task 37 online Github repository (Gaertner et al.,
2020b) provides datasheets with designs of the turbine components, as well as some component
masses. However, these two sources do not provide information about the cost of the turbine or any
of its components. For the cost figures of the IEA 15 MW RWT, WISDEM is used (NREL, 2020).
The input data that was used to generate the data can be found on the IEA Wind task 37 Github
repository (Gaertner et al., 2021). When this thesis states data that was generated using WISDEM and
the input data, it will be stated as such and referenced using: (NREL, 2020; Gaertner et al., 2021).

3.4. Blades

This section describes the modelling steps for the turbine blades. The goal behind the blade scaling is
to minimise the blade cost by reducing its material use, while adjusting the chord and twist to ensure the
blade still operates at its original design point. Section 3.4.1 explains the scaling laws for the different
blade parameters, properties and loads on the blade. Section 3.4.2 describes a self-derived blade cost
equation. Section 3.4.3 gives an overview of the blade optimisation philosophy.

3.4.1. Blade Scaling

The Low-Wind Turbine is based off of a reference turbine, by applying the scaling rules mentioned
in the following sections. The scaling rules can be used to scale the blade properties for a change
in rated wind speed U,qteq, design Tip Speed Ratio (TSR) A4.5i4n and thickness factor f;. These
parameters, and their effect on blade properties are explained in the sections below. A lower rated
wind speed results in a reduction of loads on the blades, which in turn results in a reduction of stress
in the material. This stress reduction enables a re-design of the blades to decrease the amount of
material used, and therefore reduce the cost of the blade.

3.4.1.1. Tip Speed Ratio

The design TSR is constrained by the maximum tip speed of the reference turbine at rated wind speed,
due to noise regulations and blade erosion. Blade erosion occurs because the blade leading edge is
impacted with various projectiles, such as rain and hail droplets(Keegan et al., 2013). Higher tip speeds
lead to higher impact velocities and thus increased leading edge damage over time. In turn, erosion of
the leading edge leads to decreased aerodynamic performance over time. The scaled blade uses the
same materials as the reference turbine, so its is assumed that it is able to withstand the same impact
velocities. The TSR is calculated using Equation (3.2):

_ (Qrated R) o

Adesign - Ur_alted (32)

Urated

Where Agesign is the design TSR, Q,4q is the rotational speed at rated wind speed, R is the rotor
diameter and U, ,;.4 is the turbine rated wind speed. As will be explained later in Section 3.4.1.4,
increasing the TSR is beneficial to reduction of blade mass, which decreases its capital costs. Another
benefit of increasing the TSR is that it reduces the torque in the LSS, and thereby the cost of the
generator, which is made clear in Section 3.5.2.
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3.4.1.2. Chord and Twist

Changing the TSR of the blade changes the velocity triangles of the airfoils. To ensure that the blade
operates at optimal performance for the new TSR, the chord and twist of the blade are adjusted.
Equation (3.3) is used to adjust the chord of the turbine blade (Canet et al., 2020):

16_m (r)_l R & A-2 33
9 B2 \R (33)

where c is the chord length, R is the blade length, B the number of blades, c; the lift coefficient, 1
the TSR and (%) the airfoil radial position along the blade. Equation (3.4) is used to adjust the twist of
the blade, where a4y, is the airfoil design optimum angle of attack.

2/3

TG/R) x At (3.4)

0 + Agesign =

3.4.1.3. Blade Stiffness

Changing the chord and twist also has an effect on the structural properties of the blade. The strength
and stiffness of a component is determined by its used materials and geometric shape. The stiffness
of is defined as F - I, where E is Young’s modulus, and I the area moment of inertia. E is a material
property, while I is a geometrical property. Since the blade will use the same materials as the reference,
the change in its strength and stiffness will result from changes in geometry, which changes its area
moment of inertia I. The structural components of the blade are the spar caps and shear webs, as
shown in Figure 3.2.

’ g Spar cap

| Ly [ |

Figure 3.2: Schematic Representation of a Turbine Blade Cross-Section

The area moment of inertia of the blades can not easily be determined exactly. For the derivation
of this blade property we look at the changes that occur to the blade cross-section, and use a thin
shell approximation. From Equation (3.3) we know that ¢ o< 272, Since all dimensions of an airfoil are
a function of its chord length, we can use this property to scale its area moment of inertia. the area
moment of inertia is calculated using Equation (3.5):

1= ﬂ y?dA o< c* «x 178 (3.5)

Where y is the perpendicular distance of element d A to the neutral axis. Using thin shell approximation,
the blade element dA is modelled as a line element with length dl and thickness t, and it calculated
using Equation (3.6). When a thickness factor f; is introduced, this can be rewritten as Equation (3.7).
The thickness factor f; is defined as a factor that scales the thickness of the laminates equally. with
the thickness factor the strength of the blade can be adjusted up and down easily, without changing its
aerodynamic shape and therefore its performance. This thickness factor can be used in the optimisation
of the blade.

dA=t-dl «c? (3.6)
dAs, = f, - t-dl (3.7)
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Since a thin shell approximation is used, the thickness t will be small. Therefore, Applying a
thickness factor will not have an effect on the position of the line element and does not affect distance
y either. summarising the information above, Equation (3.5) can be rewritten as Equation (3.8).

Ift=ﬂy2dAft=ﬂy2'ft-dA=ft-I (3.8)
I, < 275, f; (3.9)

3.4.1.4. Blade mass

Scaling of blade mass is also based on the scaling of the blade cross-section. Since the blade length is
kept constant during this study, the proportionality A,,pss—section < €2 is used. From Equation (3.3) we
know ¢ < 172, This results in a proportionality for the cross-sectional area: A, pss—section € A~ *. Using
this information and the definition for the thickness factor f;, described in Section 3.4.1.3, the mass of
a blade can be calculated using Equations (3.10) and (3.11):

i
Mprade = Z dr; - Uprade, & fe, A7* (3.10)
1

Uplade,i = Pi * ft . Across—section,i & ft:l_‘t (3-11)

where my,;,4. is the total blade mass, i is the number of blade sections, dr; is the section length,
Ubiade,; IS the mass per unit length, p; is the blade section mass density,f; is a thickness factor, and
Asection,i IS the cross-sectional area for each blade section i.

3.4.1.5. Thrust force

Using BEM, the thrust the rotor exerts on the flow is determined using Equation (3.12). A wind turbine
rotor exerts the highest thrust on the airflow at rated wind speed, and therefore the blades experiences
the highest loads at these conditions. The trust force is determined as follows:

1
Trated = EpctnRzUrzated * U2, ied (3.12)

where p is the density of air, ¢; is the thrust coefficient, R is the rotor diameter and U, 4.4 is the
rated wind speed.

3.4.1.6. Moments and Stresses

The blade experiences two main forces which cause moments in the blades. The first one is caused
by aerodynamic loading of the blade, while the second is caused by the self-weight of the blade. The
moments on the blade are determined by:

R
Mgero =j0 Faero(r) - rdr o« Ugated (3.13)

R

Mgravity =f0 Egravity(r) -rdr < ftﬁ’l_4 (3.14)

where M., is the moment caused by aerodynamic loading and Mg, 4y, is the moment caused
by gravitational loading on the blades. Again the blade length is unchanged during this thesis, so the
moment-arm is not affected. However, the forces acting on the blade are changed, because the rated
wind speed is decreased and the blade mass is changed as a result of a change in chord length.
The aerodynamic moment M., is related to the trust force Tyqteq ¢ U244 @nd is in the out-of-plane
direction, while the gravitational moment Mg,y is related to the blade mass my,;44e % foA*andis
in the in-plane direction of the rotor. The moments in the blade cause stresses in the blade material,
which are expressed in Equations (3.15) and (3.16).
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M .
Oaero = %y o« U?, 28 f* (3.15)
M, ity " Y
Ogravity = gTavIl z x Urzated' A2, fto (3.16)

3.4.1.7. Tip Deflection
The out-of-plane tip deflection of the wind turbine blade is the main design driver for large wind turbine
blades. the deflection of the blade as a function of radial position r can be determined with Equation (3.17):

Yeip(r) = ff 2‘7("(,)) dx'dx o 8, U2, f, " (3.17)

3.4.2. Blade Cost

The cost of the scaled blade is determined by its change in mass, which translates to a reduction
in material costs. All other costs will remain constant. Using the outcome of the blade cost model
integrated in NREL Wind-Plant Integrated System Design and Engineering Model (WISDEM) (P. Bortolotti
et al., 2019), a cost breakdown can be found for three different blade types and lengths. This Thesis
focuses on turbines with large rotor diameters, so the cost breakdown of the SNL-100-03 blade, which
has been developed by Sandia National Laboratories (SNL), is taken as a reference point. The SNL-
100-03 is 100 m long, made with carbon fibre spar cap, has a mass of around 50 x 10° kg, costs around
548 x 103 $, 624 x 103 €, of which the material cost comprise around 323 x 10% $, 368 x 103 €. Dividing
the material cost by the total cost shows that 59 % of the blade cost are material costs. Figure 3.3 shows
a pie-chart of the cost breakdown of the SNL-100-03, which confirms the result for the material cost
share.

Capital

Maintenance
Building

Tooling

Equipment
Materials utility

Overhead

Labor

Figure 3.3: Pie Chart Showing Cost Breakdown of SNL-100-03 (P. Bortolotti et al., 2019)

Using the information above, a cost formula for the scaled blade is derived. It is assumed that the
cost of the used reference turbine follows the same breakdown as the SNL-100-03 blade and that the
only change in blade cost is a result of change in amount of material used. As mentioned earlier, the
other costs for the blade are assumed to be constant. The blade cost is determined by Equation (3.18):

mblade,new

Chladenew = ( -0.59 + 0.41) -625 x 103 (3.18)

Myef blade

where c¢piqqenew IS the cost of the new blade, my,44. is the mass of the new blade, ¢,¢f p1aqe is the
reference blade cost and m,.¢ p144¢ 1S the reference blade mass.
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3.4.3. Blade Optimisation

The equations and scaling rules mentioned above are used to design a new blade for the Low-Wind
turbine. As mentioned, the goal of the new design is to minimise material use by designing a lightweight
blade. However, the blade still has to be strong enough to withstand the stresses. The aim of the re-
designis to keep the stresses and tip deflection of the blade equal to the reference turbine. Summarising
the equations described above we have Equations (3.19) to (3.21).

Unew \" [ Anew \'
Ogeronew — ( Unj:> (ﬂni:) 'ft,_nlew *Ogero,old (319)
) 0
2 2
_ Unew Anew 3.20
agravity,new - Uold Aold : Ggravity,old ( . )
2 8
U, A
Ytipnew = Y Y ft,_nlew * Ytip,old (321)
Uota Aota

The equations in this section are used to design the blade for the Low-Wind Turbine. The blade is
scaled from a reference turbine and the TSR and thickness factor are adjusted to keep the stresses in
the blade lower then, or equal to the reference design, optimising for lowest blade mass. the conditions
that must be met are stated in Equations (3.22) to (3.24).

aaero,new < aaero,old (322)
O-gravity,new = O-gravity,old (323)
Ytip,new < :Vtip,old (3-24)

from the Equations (3.19) to (3.21) it can be concluded that the stresses in the material and tip
deflection are strongly proportional to TSR. Especially y;;,,, which is proportional to A%, will be the
dominant design driver. Although the stress and deflection can be counterbalanced by applying very
high thickness factors, this is not considered a feasible design approach, as this will increase the blade
mass and therefore its cost. For this reason, the thickness factor is kept at unity when optimising the
blade TSR.

3.5. Generator

For the generator of the low-wind turbine a direct drive is chosen, based on the IEA 15 MW reference
turbine. As already mentioned, this currently is the reference wind turbine with the largest rotor diameter.
The IEA 15 MW reference wind turbine has a direct drive generator. The Low-Wind Turbine will also
be designed with a direct drive generator, in order to stay as close to the reference turbine as possible.

3.5.1. Generator Torque
The torque in a direct drive generator is equal to the aerodynamic torque in the rotor. The rotor torque
is defined as:

1
Qrotor,max = ECQpair”RSUEated (3253)
‘p
o=~ (3.25b)
Qrotor,max & Urzated'/l_1 (3250)

where ¢, is the torque coefficient, pg;, is the density of air, R is the rotor radius and Uy¢eq is the
rated wind speed of the turbine. The same c, as the reference turbine is used in Equation (3.25b),
since the blade chord and pitch are adjusted in order to keep operating at the optimal conditions.

3.5.2. Generator Mass
The turbine generator mass scales linearly with the rotor torque, according to "DrivetrainSE” documentation
of WISDEM (NREL, 2019a). Using this assumption, a new function is created with the available data
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from the IEA 15 MW reference turbine. This reference direct-drive generator has a rated torque of
18.97 MN m, and a mass of 372 kt (Gaertner et al., 2020b), resulting in a specific mass of 19.61 kg/(Nm)

Mgenerator,DD = 19.61 - Qrotormax * Ugatted'/l_1 (3.26)

Where myenerator,pp 1S the direct-drive generator mass in kg and Q¢ is the rotor torque in Nm.
with this equation the new generator mass is can be determined by scaling from the reference turbine
generator mass.

3.5.3. Generator Cost

According to the NREL Cost and Scaling model , the cost of the generator is directly related to its
power rating (Fingersh et al., 2006). The 2006 report states a price of 219.33 $/kW, which equates
to 288.94 $/kW in 2020 USD, or 329.39 €/kW. WISDEM determines a price for IEA 15 MW reference
turbine generator of around 160 $/kW (NREL, 2020; Gaertner et al., 2021), or 182€/kW. A BVG
associates report states a price of 2 x 10° £ for a 10 MW direct drive generator (BVG Associates, 2019),
resulting in a cost of 200 £/kW, or 224 €/kW. The three prices give an indication of the general cost of
a direct drive turbine, however we can not assume one of them to be accurate, due to advancements
in technologies and economy of scale. Because of this, the average of the three prices is taken as
the direct drive cost figure in this study, resulting in a price of roughly 245 €/kW. The cost of the wind
turbine can now be calculated using Equation (3.27):

Cgenerator,DD = 245 ' Pgenerator,DD (3-27)

3.6. Tower and Monopile

The sections below describe the modelling steps taken for the redesign of the tower. Section 3.6.1
describes the rationale behind the modelling steps. In Section 3.6.2 the scaling rules applied to the
tower top and bottom are explained, as well as how those outcomes result in the tower design. Section 3.6.5
describes the calculation of the natural frequency of the tower. Section 3.6.3 describe how the mass
and cost of the new tower is calculated.

3.6.1. Rationale

The tower of the reference turbine is scaled while accounting for the change in static loading on the
structure. The aim of the redesign is to keep the stress in the material of the tower base and top
constant to the reference tower, while avoiding buckling. Figure 3.4 gives an overview of the different
loads that act on the tower and the foundation. The wind turbine tower starts at platform height and
goes up to the base of the nacelle. The foundation is considered to be everything below the platform.
In this study the foundation consists of a monopile. Between the monopile and the wind turbine tower is
a transition piece, which connects the two together. The monopile is considered to remain unchanged
to the original design.
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Figure 3.4: Schematic Overview of Loads on Wind Turbine Tower (Harlan et al., 1996)

Wave loads

Two load-cases are considered for the redesign, namely the load-case at the top of the tower and
the load-case at the bottom of the tower. Buckling is avoided by keeping the ratio of the wall thickness
to outer diameter constant. At the tower base, loading is considered to be dominated by the moment
caused by the rated thrust force T,.,:.4. At the tower top, loading is considered to be dominated by the
compressive force, caused by the mass of the rotor nacelle assembly (RNA). The change in dynamic
loading of the tower is beyond the scope of this research. Since only the change in static loading is
considered, the tower is considered an imperfect design. The natural frequency of the redesigned
tower is calculated and checked for coincidence with the 1P and 3P harmonics. If the scaled tower
natural frequency coincides with the 1P and 3P harmonics, this is noted, but the tower design will
not be adjusted. However, for a first-order approximation of tower cost this approach is considered
sufficient.

3.6.2. Tower scaling

This section describes the scaling rules applied to the tower. First, the rules for the tower base are
explained. Then, the rules for the tower top are explained. Lastly it is explained how the outcomes for
the tower base and top result in a new tower design.

3.6.2.1. Tower Base

At the tower base, the loading is considered to be dominated by the thrust force T, which is determined
using Equation (3.12). Equation (3.28) is used to calculate the bending stress o;oyer pase in the tower
base,

M .
Otower,base = t[owLasey (3.28)

tower,base
where M;,yer pase 1S the moment acting on the tower base, y is the perpendicular distance from the
neutral axis and Iyoywer pase IS the area moment of inertia of the tower base. The moment in the tower
base is a function of the thrust force T and tower length L;,,.-. From Equation (3.12) we know that
Tratea % U2gt0q- As the rotor Diameter is not changed in this thesis, the tower length L., is also kept

constant.

Meower,pase =T - Leower & Uzated (3.29)
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The perpendicular distance from the neutral axis y is equal to the tower radius or half the tower
diameter and we can state its proportionality as follows:

Y = 0.5Doyter X Doyter (3.30)

The individual tower segments are designed as thin walled hollow cylinders. The area moment of
inertia is calculated with Equation (3.31):

s
Icyl = a (Dguter - Di4nner) (3'31)

where D, ter @nd Dinner are the tower outer and inner diameter, respectively. The inner diameter
can also be expresses as a function of the outer diameter and wall thickness t,,,, stated in Equation (3.32).

Dinner = Douter — 2+ tw (3.32)

As stated, the ratio of the tower outer diameter and wall thickness is kept constant to avoid buckling.
The wall thickness can be described using Equation (3.33),

t
— = Douter - © (3.33)

tw = Douter * D
outer

where 0 is defined as the ratio between wall thickness and outer diameter. The inner diameter can
be rewritten as a function of the outer diameter and 0.

Dinner = Douger (1 —2-0) (3.34)

Equation (3.31) can be rewritten as Equation (3.35). Ultimately, rearranging the equation results in
Equation (3.36), from which the proportionality I.,; o« Dg,,;., is derived.

s

leyt = 27 (Dduter = Douter 1 —2-0))*) (3.35)
- D2

Ieyr = %ter (1 -(1-2- 6)4) & Dgyter (3.36)

summarising all the information stated above, the scaling law for the tower base bending stress is
stated in Equation (3.37)

2 -3
O-tower,base x Urated' outer (337)

3.6.2.2. Tower Top

The tower top scaling is based on compression stress o;oyer top- This cOMpression stress is a result
of the mass of all the components that are supported by the tower. These components consist of the
following components: blades, hub, generator, bed-plate and miscellaneous components. As with the
the tower base, the goal of the scaling relations is to keep the bending stress constant. the stress in
the tower top is determined by:

MpNa 9

-1
A X Mgy 4, Atower,top (3-38)
tower,top

Otower,top —

where m,.,, is the total mass off the RNA, g is the gravitational constant (9.81 ms~2) and Atower,top
is the cross-sectional area of the tower top. Equation (3.38) is used to scale the top diameter of the
tower by keeping the stress constant, o;ower,topnew = Otowertopota- FOr this reason a new tower
top cross-section is calculated to account for a change in RNA-mass, as shown in Equations (3.39)
to (3.41).
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<mRNA,new ) ( Atower,top,ref

) O-tower,top,ref = Gtower,top,ref (3-39)
MgeNAref

Atower,top,new

(mRNA,neW> . <Atower,top,ref ) -1 (340)

mRNA,ref Atower,top,new

MRNA4,
— Atower,top,ref (341)

Atower,top,new =
MpNAref

For the tower top we again want to keep the ratio of wall thickness to outer diameter constant, in
order to avoid buckling. Using the thin wall approximation for a hollow cylinder and Equation (3.33) for
the wall thickness, we get Equation (3.42) which can be rewritten into Equation (3.43) to find a new
outer diameter for the tower.

Atower,top,new =2-m- Dguter,new -0 (342)
Atower,top,new

Douter,new = W (343)

(3.44)

3.6.2.3. Top-to-Bottom Design

With the equations listed above the tower top and bottom are re-designed for their respective new
loading conditions. The next step is to determine the dimensions of all the sections in between. This
is done by applying a two scaling factors to each tower segment, which are weighted based on the
height of the segment along the tower. For each tower segment i the new diameter D,,.,, (i) and wall
thickness T, (i) can be determined using Equations (3.45) and (3.46):

Dnew(i) = (Z’(i) 'ftop + (1 - Z’(i)) 'fbot) Dref(i) (3-45)
thew (1) = Dpew (1) - 0(1) (3.46)

where 7z’ (i) is the dimensionless height of the segment, f;,; is the scaling factor at the bottom of the
turbine, f,, is the scaling factor at the top of the turbine, D,..; (i) is the original diameter and (i) is the
wall thickness ratio the tower segment i. The dimensionless height of the segment, z' (i) is determined
using Equation (3.47):

Z'() = h@)

htower

(3.47)

where h(i) is the height of tower segment i and h;,,,., is the total height of the tower. The scaling
factors f},,; and f;,, are determined using Equations (3.48) and (3.49).

D
foor = 5o (3.48)
bot,old
Dtop,new
froo =5 — (3.49)
top,old

3.6.3. Tower Mass and Cost
The scaled tower mass is calculated by calculating the mass of the individual tower sections and
summing the result using Equation (3.50):

i
Miower = ZAtower,i ' ltower,i * Ptower (350)
1
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where my,y,, is the tower mass, and for each segment i Ay ; is the cross-sectional area, Iy ey i
is the tower segment length and p;, .., is the mass density of the tower material. The amount of tower
sections used is the same as the reference turbine. The mass density of the tower is calculated by
taking the tower mass of the reference turbine and dividing that by the total volume of the tubular tower
sections. This approach is taken to account for all the extra components that are inside the tower, such
as stairs and safety equipment. The reference tower has a mass of 859.8t (Gaertner et al., 2020b)
and the volume is calculated to be 102.26 m3, resulting in a tower density p;o.., 0f 8408 kgm™3. Using
the new found mass, the cost of the tower can be calculated using Equation (3.51). The calculation
is based on the WISDEM documentation of the NREL Cost and scaling model (NREL, 2019b), which
gives a linear relation for the cost based on the tower mass. The same principle is applied for this
calculation, re-calibrated on the IEA 15MW reference turbine, which has a mass of 859.8 tonnes and
costs 4028245.91$ (NREL, 2020; Gaertner et al., 2021), resulting in a specific cost of 4.67 $/kg, or
5.34 €/kg.

Crower = 534 Myoyer (3.91)

3.6.4. Monopile Scaling

After the tower is scaled, the monopile has to be adjusted in order to fit the turbine tower. The monopile
outer diameter is scaled to have the same diameter as the turbine tower base and will have the same
diameter for its entire length. For each monopile segment, the ratio of outer diameter and wall thickness
is kept constant to avoid buckling, in line with the scaling of the turbine tower. The new wall thickness is
calculated using Equation (3.46). The embedment depth of the pile is kept constant with respect to the
reference design. Scaling the monopile results in a change in monopile volume, which in turn results
in a change in material and ultimately monopile costs. The mass of the monopile is calculated in the
same way as the tower, using Equation (3.50). Using the new found mass, the cost of the monopile can
be calculated using Equation (3.52). To calculate the cost of the new monopile, a linear relation for the
cost based on the monopile mass is determined, using the available cost and mass figures of the IEA
15 MW reference turbine (Gaertner et al., 2020a). This reference monopile has a mass of 1076 tonnes
and costs 2780390 $ (NREL, 2020; Gaertner et al., 2021), resulting in a specific costs of 2.58 $/kg, or
2.95€/kg.

Cmonopile = 2.95- Mmonopile (3.92)

3.6.5. Tower and Monopile Natural Frequency

After the tower and monopile are scaled, its natural frequency f,, is calculated, and it is checked whether
it may result in an issue with the 1P and 3P blade passing frequencies. This is purely a check and,
when it shows that issues arise, this will not instigate a re-design of the tower and monopile to overcome
these issues. It is merely stated, to show whether the tower is valid or should require more attention.
The natural frequency of the tower is determined by calculating the natural frequency of a stepped
tower (Harlan et al., 1996). A schematic representation of such a stepped tower is shown in Figure 3.5.
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Figure 3.5: Schematic representation of a stepped tower (Harlan et al., 1996)

using the stepped tower model (Harlan et al., 1996), the natural frequency of the tower is calculated
using Equations (3.53) to (3.57).

-1

412 (Myop + MegLiot) Leot” (48
fa= \/ =z 3E18q 2 2 F + Cfound (3.53)
eq
TX| 2
Yy m;l; (1 — cos 2Lt;t)
Meq = Lo (3.54)
o
Y I;1; cos? an—:t
qu = T (355)
o]
C = bleq 3.56
found — Kethot ( . )
KRKlL?ot
o R it oer
o

Where f, is the tower natural frequency, m,,, is the mass on top of the tower, m,, is the tower
equivalent mass described in Equation (3.54), L, is the tower length, I, is the tower equivalent
moment of inertia described in Equation (3.55). Cr,unq is a factor reflecting the influence of the flexibility
of the foundation calculated with eq. (3.56) and K, is the foundation equivalent stiffness, where Ky is
the rotational stiffness factor and K; is the lateral translation stiffness factor. K and K, are dependent
on the soil type and are inputs by the user of the model. The effect of the foundation can also be
omitted by setting Crounq = 0, Which is valid for very stiff foundations (Harlan et al., 1996). Since the
soil conditions differ for every turbine location, the calculation of the natural frequency is simplified.
The natural frequency of the tower and monopile assembly is calculated by setting L., to the length
of the tower and monopile up to 4 times the monopile diameter beneath the seabed and assuming an
infinitely stiff foundation there.

3.7. Total Turbine Cost

The sections above describe the scaling of mass and cost of the blades, generator and tower. However,
a wind turbine consists of a multitude of other components. These components are not scaled in
this study, but their costs are important to the total turbine cost. The mass values are used in the
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tower scaling, described in Section 3.6. For this study, it is assumed that their mass and cost will be
constant. The Low-Wind Turbine is based on the IEA 15 MW reference turbine, so all unchanging
components will have the same values as the reference turbine (Gaertner et al., 2020a). Table 3.2
gives and overview of the turbine components and their respective mass, and the mass and cost of all
the unchanging components combined. the total cost of all the unchanged components is calculated
by taking the total cost of the turbine and substracting the original cost of the blades, generator and
tower, as calculated by WISDEM for the IEA 15 MW RWT (NREL, 2020). WISDEM gives a total turbine
cost of 18107 973 $ (NREL, 2020; Gaertner et al., 2021), or 22797 381 €.

Table 3.2: Overview of IEA WIND 15 MW reference turbine components with their respective mass and cost (Gaertner et al.,
2020a; Gaertner et al., 2020b; NREL, 2020; Gaertner et al., 2021)

Component Mass [t] Cost [k€]
Blades 65.25 each 1077
Tower 859.8 4592
Monopile Foundation 1076 3170
Generator 371.6 2723
Hub mass 190 -
Nose Cone 11.39 -
Bedplate 70.329 -

Low Speed Shaft 15.734 -
Shaft Bearing (SRB) 5.664 -
Shaft Bearing (TDO) 2.23 -
Flange 3.964 -

Yaw System 100 -
other (electronics, thermal, 50 -

etc.)

Total of Other Components 449 9081
Total 2951 22797

Combining all the information from the sections above, an equation for the total cost of the scaled
turbine can now be determined. The total turbine cost c;-pine iS calculated using Equation (3.58):

Cturbine = 9081103 + 3 - Cplade + Cgenerator + Ctower + Cmonopile (3-58)

Where 9081 103 € is the sum of the unchanged components of the turbine, c;;44. is the cost of one
blade which is multiplied by 3 for the total number of blades, cjenerator is the cost of the direct drive
generator, csower is the cost of the tower and c;onopite is the cost of the monopile.



Model Inputs

This chapter presents the inputs for the simulations, performed using the model developed for this
thesis. The goal of this chapter is to provide an overview of the used input data and their sources.
Section 4.1 explains how all cost figures are converted to 2020 Euros. Section 4.2 presents the
characteristics of the two reference turbines used in this study. The two reference turbines used in this
thesis are the 3.4 MW land-based wind turbine, and the 15 MW offshore wind turbine, both developed
for the International Energy Agency (IEA). Section 4.3 presents the parameters used for the modelling
of the offshore and onshore wind farms. For the offshore wind farms, the subsections cover the losses,
available area, component costs, installation costs and operation and maintenance costs. For the
onshore wind farms, the subsections cover only the losses and installed capacities. Since the onshore
wind farms of the power model remain constant for all simulation, their costs are not considered.
Section 4.4 presents the efficiencies of the different components of a PV system that are used in this
thesis, also without consideration of costs. Section 4.5 describes the cost and characteristics of the
storage types that have been modelled in this thesis.

4.1. Converting monetary values

The information used in this thesis is not all from the same time period. Also, different sources of
information may use different currencies, such as Euros, US Dollars and British pounds. In order to be
able to compare and use cost figures throughout this thesis, all used data is expressed as 2020 Euros.
Monetary cost figures in US Dollars from past years are converted to 2020 US Dollars with the help
of an online inflation calculator (Westegg, 2021), which uses the Consumer Price Index to correct the
values. To convert 2020 US Dollars to Euros a conversion rate of 1.14 €/$ is used, while the conversion
for GBP to euros is 1.12 €/£ (Exchangerates.org.uk, 2021).

4.2. Turbines

This section present the data of the reference turbines that have been used in the model of this thesis.
Section 4.2.1 presents the offshore turbine used in the power model, and which also serves as the
starting point for the Low-Wind cost and scaling model. Section 4.2.2 presents the land-based turbine
that is used in the power model.

4.2.1. Offshore Turbine

For the offshore wind turbine this thesis uses the IEA 15 MW reference turbine(Gaertner et al., 2020a).
Table 4.1 gives an overview of the offshore turbine characteristics essential for the power model of
this study. In Chapter 5, Table 5.1 and Figure 5.2 give a more comprehensive overview of the turbine.
Figure 4.1 shows the power curve of the offshore turbine. The offshore turbine serves two purposes in
this thesis. First, it serves as the reference design to base the Low-Wind turbine off of. This turbine is
chosen for this purporse, as it is the reference turbine with the largest rotor and rated power currently
available. This makes it a suitable starting point for the Low-Wind turbine, because this turbine concept
requires a large rotor diameter in order to still have a reasonable rated and specific power. Secondly,

35
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this turbine serves the role of the conventional turbine in the model. The current trend for offshore
wind turbines is to have increasingly large rotors and power ratings. Currently, the GE Haliade-X is
the largest commercially available wind turbine, with a rotor diameter of 220 m and a rated power of
14 MW (General Electric, 2021). Assuming this trend continues, and with the fact that the IEA 15MW is
considered a feasible reference design, the IEA 15 MW reference turbine is chosen as the conventional
turbine.

Table 4.1: IEA 15 MW reference turbine data, adapted from (Pietro Bortolotti et al., 2019)

Data Value
Rated electrical power 15 MW
Maximum ¢, 0.481
Efficiency 93 %

Hub height 150 m
Rotor Diameter 240m
Cut-in wind speed 3ms™!
Rated wind speed 10.58 ms™’
Cut-out wind speed 25ms!

IEA 15 MW Turbine:
Power Curve
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Figure 4.1: IEA 15 MW Reference Turbine Power Curve

4.2.2. Onshore Turbine

The reference turbine that will be installed onshore is the IEA 3.4 MW reference turbine (Pietro Bortolotti
et al., 2019). This reference turbine has been developed especially for onshore applications. Table 4.2
gives an overview of the turbine characteristics essential to this study. Only data needed for the
calculation of the aerodynamic power output of the turbine is presented. The power curve of the IEA
3.4 MW reference turbine is shown in Figure 4.2.

4.3. Wind Farms

This section presents the parameters used for the power model and cost calculations in this thesis.
Section 4.3.1 presents the losses that have been modeled for the onshore and offshore wind farms. ??
presents the installed capacity for the onshore turbines for each of the Dutch provinces. Section 4.3.3
presents the location and available area for each of the modelled offshore wind farms. Section 4.3.4
presents the components cost parameters for the BOP of the windfarms. Section 4.3.5 presents the
cost figures used for the installation of the offshore wind farms. Section 4.3.6 presents the operations
and maintenace (O&M) costs for the offshore wind farms
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Table 4.2: IEA 3.4 MW reference turbine data, adapted from (Pietro Bortolotti et al., 2019)

Data Value
Rated electrical power 3.37 MW
Maximum ¢, 0.481
Efficiency 93.6 %
Hub height 110m
Rotor Diameter 130m
Cut-in wind speed 4ms™!
Rated wind speed 98ms™!
Cut-out wind speed 25ms!

IEA 3.4MW Turbine:
Power Curve
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Figure 4.2: IEA 3.4 MW Reference Turbine Power Curve

4.3.1. Wind Farm Losses

The Wind farm losses implemented in the model are wake losses, transportation losses and availability
of the wind turbines in the wind farm. The values used for these losses are tabulated in Table 4.3. For
the onshore wind farms no transportation losses are taken into consideration, as they are already
close to the demand. The spacing of the wind turbines in the wind farm will be fixed at 5D x 10D
arrays for all wind farms, resulting in an array power loss of around 10 percent (Manwell et al., 2002).
This study uses a transportation loss of 6.7 x 1073 % km~" (Ardelean et al., 2015). The wind turbine
availability factor is based on the portfolio 2018-19 from the System Performance, Availability and
Reliability Trend Analysis (SPARTA) platform (SPARTA, 2021). SPARTA states an average Production
Based Availability (PBA) of 95%. The availability can also be interpreted as loss of 5 % of total wind
farm power, since this portion of the wind turbines is unavailable.

Table 4.3: Wind farm loss percentages (Manwell et al., 2002; Ardelean et al., 2015; SPARTA, 2021)

Loss Value[%] Source

Wake losses 10 (Ardelean et al., 2015)
AC transportation losses 6.7 x 1073 km™’ (Manwell et al., 2002)
Turbine unavailability 5 (SPARTA, 2021)

4.3.2. Onshore: Installed Capacity

The installed power is divided over the different provinces as shown in Table 4.4, which represent
all known turbines already installed and in development as of 2019 (Rijksdienst voor Ondernemend
Nederland, 2020). This study assumes that all currently known projects will be completed. The model
simulates a single wind park for every province. Each windpark is filled with the land-based wind
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turbines, until it meets the capacity for that province.

Table 4.4: Overview of modelled installed capacity per province (Rijksdienst voor Ondernemend Nederland, 2020)

Province Installed capacity [MW]
Flevoland 1871.3
Groningen 971.9
Zuid-Holland 976
Noord-Holland 698
Zeeland 638.8
Friesland 620.3
Noord-Brabandt 654.4
Drenthe 316.5
Gelderland 339.8
Limburg 134.1
Overijssel 88.8
Utrecht 79.1

Total installed onshore 7389

4.3.3. Offshore: Available Area

Table 4.5 tabulates the data for the different offshore wind farm locations. All of these locations, except
Dogger Bank, are currently existing wind farms or planned locations, to be constructed within the near
future. Dogger Bank is located in the North-West corner of the EEZ, shown in Figure 2.4. Tennet, the
Dutch TSO has presented plans for the construction of a artificial island and large wind farms on the
Dogger Bank. For this reason, the Dogger Bank has been added as a location in this study. Assuming
that 10 % of the available area will still be in use for oil and gas industries, this leaves and available
area of 4161 km? for wind turbines (Royal Haskoning DHV, 2017). It is assumed that all these locations
can be fully utilised for the installation of offshore wind farms. The spacing of 5D x 10D, mentioned in
Section 4.3.1 is also used to determine the amount of turbines that can be installed within the available
area. This results in a total area of 6816 km?.

Table 4.5: Overview of offshore wind farms with their available area and locations (Wikipedia, 2021; Royal Haskoning DHV,
2017)

Name Area Latitude Longitude Source
[km?] [] []
Borssele 344 51.583 3.0 Wikipedia, 2021)

(

Dogger Bank 4161 55.415 3.786 (Royal Haskoning DHV, 2017)
Gemini 68 54.036 5.963 (Wikipedia, 2021)
Hollandse Kust Zuid 236 52.367 4117 (Wikipedia, 2021)
Hollandse Kust Noord 173 52.589 4.206 (Wikipedia, 2021)
Hollandse Kust West 176 52.640 3.790 (Wikipedia, 2021)
Hollandse Kust Noordwest 190 52.940 4.081 (Wikipedia, 2021)
Hollandse Kust Zuidwest 232 52.376 3.798 (Wikipedia, 2021)
[Jmuiden Ver 1170 52.839 3.644 (Wikipedia, 2021)
Luchterduinen 25 52.417 4.167 (Wikipedia, 2021)
NoordzeeWind 27 52.606 4.419 (Wikipedia, 2021)
Prinses Amalia Windpark 14 52.589 4.206 (Wikipedia, 2021)
Total area 6816

4.3.4. Offshore: Component Costs
The cost figures for the BOP components are derived from a BVG Associates report (BVG Associates,
2019). The cost of these components are stated in Table 4.6. The first three columns present the data



4.4. Solar Farms 39

extracted from the report, while the fourth column presents the cost figures used in the model.

Table 4.6: Overview of offshore 1 GW wind farm components costs, adapted from (BVG Associates, 2019)

Component Units Total Cost [M€] Unit Cost [M<€]

Export cables 60km, 1GW 146 24 x 1073 km~" MW

Array cables 100 km, 1 GW 39 04 x 1073 km~" MW"

Offshore substation 3 134.4 45 per substation
(500 MW)

Onshore substation 1 34 34 per substation

Operations base 1 9 9 per base

4.3.5. Offshore: Installation Cost

For the installation cost of an offshore wind turbine we again look at the BVG Associates report (BVG
Associates, 2019). For a 1 GW offshore wind farm, consisting of 100 10 MW wind turbines, they
estimate the total installation and commissioning cost at 650 x 108 £, or 728 x 108 €. A breakdown
of the wind farm installation costs, as presented in the BVG Associates report, is shown in Table 4.7.
The first three columns present the data extracted from the report, while the fourth column presents
the cost figures used in the model.

Table 4.7: Overview of offshore 1 GW wind farm installation costs, adapted from (BVG Associates, 2019)

Activity Units Total Cost [M<€] Unit Costs [M€]
Foundation installation 103 112 1.1 per foundation
Offshore substation installation 3 39 13 per substation
Onshore substation installation 1 28 28 per substation
Onshore export cable installation - 5.6 5.6 per wind farm
Offshore cable installation 160 km 246 1.5km™"

Turbine installation 100 56 0.6 per turbine
Offshore logistics - 4 4 per wind farm
Other (Insurance, Contingency, etc.) 1GW 237 237 x 1073 MW"

4.3.6. Offshore: Operation and Maintenance Costs

The operation and maintenance cost figures are based on the BVG associates paper (BVG Associates,
2019) and shown in Table 4.8. The cost figures are expressed per turbine and per year, so they can be
used for every wind farm in the system. It is assumed that O&M costs are dominated by logistics, staff
and equipment that does not differen between Low-Wind turbines and conventional turbines. Therefore,
this thesis assumes the same O&M costs for both the conventional and Low-Wind turbine.

Table 4.8: Operations, Maintenance and Decommissioning costs (BVG Associates, 2019)

Type Units total cost[M<€] cost per unit[M<€]
Operations 100 84 8.4yr
Maintenance 100 56 0.6yr!

4.4. Solar Farms

Table 4.9 presents the components of the PV systems considered for this study, and their respective
efficiencies. The main active components of a PV system are the modules, inverters and the cables
connecting them. Crystalline silicon solar (c-Si) modules are used, since they are currently the most
widely adapted and matured technology. Since the focus of this study is not solar energy, a simple
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approach is taken with a fixed value for the total lumped system efficiency. c¢-Si modules generally
have a module efficiency of around 18 % (Smets et al., 2016). Inverters convert the DC power coming
from the PV array and generally have an efficiency of 95 % (Laboratories, 2021). The study assumes
low losses in the cables and other losses, resulting in an efficiency of 99 %. This brings the total solar-
to-electricity efficiency to 16.75 %.

Table 4.9: Overview of Main PV system components, their respective efficiencies and total system efficiency (Smets et al., 2016;
Laboratories, 2021)

Component Efficiency [%] Source

Modules 18 (Smets et al., 2016)
Inverter 95 (Laboratories, 2021)
Ohmic 99

Other 99

Total system efficiency 16.75

4.5. Storage

The storage types which are considered in this study are: Vanadium Redox-Flow batteries (VRFB),
Compressed Air Energy Storage (CAES) ans Lithium-ion batteries. The chosen storage types are
all considered mature technologies and have sufficient technical and cost-data available. Different
technologies are chosen to create insight in their cost-effectiveness for large scale energy storage.
Also, these technologies do not rely on external conditions such as elevation differences, meaning
they can be placed within The Netherlands. Table 4.10 presents an overview of the performance and
cost characteristics of the different storage technologies. For each storage technology the maximum
noted efficiency is taken, as future technological improvements will result in fewer losses. For each
technology the lowest price is selected, assuming that when buying large quantities a low price can be
offered. Also, future advancements in the storage technologies can drive their respective prices down.
The O&M costs of the technologies are a percentage of the storage CAPEX, and are yearly costs.

Table 4.10: Storage cost and performance characteristics, adapted from (Baxter, 2019)

Unit VRFB CAES Lithium
Cost 360 €/kWh 1905 €/kW 475€/kWh
Lifespan yr 20 40 10
Efficiency (AC-AC) % 80 80 90
Depth of Discharge % 100 100 80
Degradation % 0 0 2

O&M % yr? 3 1 2




Results & Discussion

This chapter presents, describes and discusses the main results from the models created for this thesis.
Section 5.1 presents and discusses the re-designed Low-Wind Turbine and compares it to the original
15 MW IEA Reference Turbine. Section 5.2 presents and discusses the data from the inital simulations
that were done with the power model. Section 5.3 presents and discusses the results of the sensitivity
analysis performed.

5.1. Low-Wind Turbine Scaling

The Low-Wind turbine has been designed by applying scaling relations, described in Chapter 3, to the
IEA 15MW reference turbine. The following sections present the results of this model and compare
them to the original reference turbine, in order to assess the changes. The results are accompanied by
a description of the changes and an assessment of the feasibility of the new design. Results which might
lead to problems in the design do not institute a re-design, but indicate that these components should
be reconsidered. This in turn implies that the cost of that component is not accurate. Section 5.1.1
presents and discusses the changes of the main parameters between the Low-Wind and the reference
turbines. Section 5.1.2 gives a graphical representation of the changes in geometry of the blades, tower
and monopile. Possible issues with the natural frequency of the support structure are also assessed,
using a campbell diagram. Section 5.1.3 presents and discusses the change in cost of the scaled
components and the resulting cost of the Low-Wind turbine.

5.1.1. Turbine Parameters

This section presents and assesses the main parameters of the Low-Wind turbine. Table 5.1 gives an
overview of the most important parameters of the IEA 15 MW and the Low-Wind turbines, in order to
show the changes. The last column of the table shows the change relative to the original reference
turbine, in percentages. The Low-Wind turbine main design driver is the lower rated wind speed of only
7ms~'. This drastically lowered wind speed reduces the maximum loading situation on the turbine
components, which in turn gives room in the design to decrease the amount of material used for the
blades, generator, tower and monopile. This reduction in used material leads to reduction in total mass
of 35 %, from 2951t to 1913t for the total turbine. Reducing the amount of material used is the main
goal of the model, as the costs of the individual components are a direct result of its mass, except for
the generator. Overall it can be concluded that the scaling model had the desired result in reducing
the mass of the individual components, and thereby the total cost of the Low-Wind Turbine. Figure 5.1
shows the power curve of the newly designed Low- Wind turbine. The Low-Wind turbine has a rated
wind speed 7ms~', and a cut-out wind speed of 15ms~".

5.1.2. Blades, Tower, Monopile

This section presents the geometric properties of the blade, tower and monopile of the Low-Wind and
IEA 15MW turbine, which can be seen in Figure 5.2. Also, issues between the natural frequency of the
Low-Wind tower and the 1P and 3P harmonics are assessed.

41
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Table 5.1: Comparison between IEA 15 MW and Low-wind Turbine Technical Specifications

Parameter Units IEA 15MW Low-Wind Turbine Change [%]
Power rating MW 15 4.33 -71
Specific rating Wm™2 332 96 -71
Number of blades - 3 3
Cut-in wind speed ms~! 3 3
Rated wind speed ms~! 10.59 7 -34
Cut-out wind speed ms~! 25 15 -40
Rotor diameter m 240 240
Design tip speed ratio - 9.0 9.98 11
Minimum rotor speed RPM 5.0 3.61 -28
Maximum rotor speed RPM 7.56 5.56 -26
Maximum tip speed ms~! 95 69.86 -26
Blade mass t 65 40.5 -38
Generator mass t 371.6 146 -61
RNA mass t 1017 717 -29
Tower mass t 859.9 542 -37
Tower top diameter m 6.5 5.46 -16
Tower base diameter m 10 7.59 -24
Monopile base diameter m 10 7.59 -24
Monopile mass t 1076 655 -39
Tower-monopile natural frequency Hz 0.18 0.13 =27
Low-Wind Turbine:
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Figure 5.1: Low-Wind Turbine Power Curve

Figure 5.2a shows the chord distributions along the non-dimensional span of the blades of the IEA
15 MW and the Low-Wind turbine. The figure shows that the chord of the Low-Wind blade is more
slender than the reference blade. The more slender chord is enabled by the increase in TSR, from 9
tot 9,98. This increase in TSR fully utilises all the headroom in the loading situation that was made
available because of the reduction in rated wind speed, as described in Section 3.4. Again, the main
goal was to reduce the blade mass, as this results in a reduction in costs. Figure 5.2b shows the twist
distributions along the non-dimensional span of the blades of the IEA 15 MW and the Low-Wind turbine.
The twist of the blade is adjusted in order to keep the airfoils operating at their optimal angle of attack,
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compensating for the increased TSR.

Figure 5.2¢ shows the outer diameter versus elevation for the tower and monopile combined. The
transition between the tower and the monopile occurs at an elevation of 15 m, presented by the highest
of the dashed horizontal lines. The upper diameter of the Low-Wind tower is reduced to 546 m as a
result of the reduction in RNA mass. The bottom diameter of the Low-Wind tower is reduced to 7.59m
as a result of the reduction in moment caused by the thrust force. The scaling of all the segments
between the top and bottom is decribed in Section 3.6.2. Looking at the gradient of the Low-Wind tower
outer diameter, it can be seen that for the bottom segments of the tower the diameter increases when
compared to the segments below, instead of remaining constant or decreasing. This is a direct results
of the modelling approach, and can be explained when looking at the reference outer diameter, f;,,; and
ftop» from Equations (3.48) and (3.49). For this particular design, f,,; = 0.759 and f,, = 0.84. Filling
in these values in Equation (3.45), it can be seen that for a certain increase in the dimensionless height
z' (i), frop cONtributes more to the ultimate factor than f;,,, does. Combining this with a reference tower
with several segments where the outer diameter is nearly constant, the result is an increased diameter
for higher tower segments. The same applies to the tower and monopile wall thickness, as can be seen
in Figure 5.2d. These flaws are worth noting and should be considered more thoroughly when refining
the design of the Low-Wind turbine. However, for the goal of this study this is not of great importance
and therefore considered passable.
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Figure 5.2: Graphical representations of IEA 15 MW and Low-Wind Turbines, showing differences in blade chord, blade twist
and tower outer diameter and wall thickness

Figure 5.3 shows the campbell diagram of the Low-wind turbine, in order to assess if there might
be issues between the 1P, 3P frequencies and the Low-Wind tower natural frequency. The Low-Wind
turbine has a tower natural frequency of 0.13 Hz, compared to 0.18 Hz for the reference tower. Because
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of the reduction of the minimum and maximum rotational speed of the rotor, the tower remains a soft-
stiff design with enough margin between the tower natural frequency and the 1P and 3P harmonics.
However, it should be noted that the North Sea has an average wave period of 5 to 7 seconds (Lavidas
et al., 2019), meaning the upper end of the spectrum, at 0.12 Hz, comes close to the natural frequency
of the tower. The effect this has on the loading situation of the tower is not discussed further in this
thesis, but might mean that both the tower and monopile need a new design. This in turn results in
a different cost of the tower and monopile. However, the resulting tower and monopile cost are taken
as-is for further cost calculations.
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Figure 5.3: Low-Wind Turbine Campbell Diagram

5.1.3. Low-wind turbine Costs

Table 5.2 presents the cost of the components of the Low-Wind turbine. All scaled components show
a significant cost reduction, enabled by the lower loading situation. Ultimately, the Low-Wind turbine
scaling model achieves a total cost reduction of 26.2 %. The calculation methods for the costs of the
individual components are all based on simple mass and cost scaling relations and might therefore
not be very accurate. Especially the calculation of generator cost, which now is 60.9% cheaper
compared to the reference design, might need a more detailed calculation method. The calculation of
the generator cost might be inaccurate, since its cost solely depends on the power rating of the turbine
and do not account for generator torque. The effect the cost-inaccuracy of the Low-Wind turbine has
on the total system costs is assessed by performing a sensitivity analysis on this cost figure, of which
the results are shown in Section 5.3.1.

Table 5.2: Low-Wind Turbine Cost Breakdown

Component Cost [k€] Change [%]
Blade 619 —42.5
Generator 1063 —60.9
Tower 2894 -37.0
Monopile 1933 —-39.0

Rest 9081 0

Total 16830 —26.2

5.2. Power Model Simulation Results

The following sections present the data generated by the model. The datasets for each storage
technology are obtained by running the model over a range of settings for the amount of conventional
and Low-Wind turbine. For each simulation the model calculates the required storage capacity and its
cost, as well as the cost of the onshore wind farms. The settings for the turbines range from 100 to
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8000 conventional turbines and 0 to 8000 Low-Wind turbines, with a stepsize between simulations of
100. The sum of conventional and Low-Wind turbines never exceeds 8000, as this is the maximum
amount that can be placed within the available offshore areas. This range of simulation is performed
three times, with different storage technologies. The selected storage technologies are VRFB, CAES
and Lithium-ion batteries, because of their individual characteristics. The goal of these simulations is
to create insight into the effect that Low-Wind turbines have on the capacity of the respective storage
technology and ultimately the total system cost. Throughout the sections below and next chapters,
the term system costs refers to the combined yearly cost of the offshore wind farms and required
storage. Section 5.2.1 presents the effect Low-Wind turbines have on the annual energy production.
Sections 5.2.2, 5.2.3 and 5.2.4 present the results of the model when using VRFB, CAES or Lithium-ion
storage technologies, respectively.

5.2.1. Overplanting Factor

Figure 5.4 shows the effect of Low-Wind turbines on the total yearly energy production. This figure is
only presented once, as it is identical for all storage technologies. The overplanting factor is determined
by dividing the total yearly produced energy from offshore wind, onshore wind and solar by the total
demand. The heatmap show two diagonal borders on the left-hand side and the right-hand side.
The left-hand side diagonal border corresponds with the simulations where the overplanting factors
is higher than 1 and SOC(t = 0) < SOC(t = T,,q)- The right-hand side diagonal borders corresponds
with the simulations where the maximum amount of offshore turbines that can be placed in the given
area is reached. All simulations along this border contain the same amount of turbines; since the
area-use per turbine is a function of rotor diameter, both Low-Wind and conventional turbines require
the same amount of space. The Low-Wind turbines contribute less to the overplanting factor than
the conventional turbine do. This is expected, as both their rated and cut-out wind speed are lower,
harvesting less of the available wind. However, the goal of the Low-Wind turbines is not to compete
directly with conventional multi-MW turbines, but rather provide a cost-effective alternative, reducing
total system cost.
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5.2.2. Vanadium Redox Flow Batteries

This section presents and discusses the results from the model simulations, when using VRFB as
storage technology. The graphs shown in this section are also shown for the simulations with CAES and
Lithium as a storage technology. Figure 5.5a shows a heatmap of the calculated storage capacities for
all simulations. Figure 5.5b shows a heatmap of the total system cost for each of the simulations. The
colorbars of the heatmaps have a logarithmic scale. On both heatmaps, horizontal and vertical dashed
lines are plotted. The location of the intersection of the two lines corresponds with the simulation with
minimum costs. The dashed lines occur at the same location for both heatmaps. The lines themselves
represent cross-sections through the heatmap, which are presented and discussed later in this section.
The simulations with minimum and maximum storage capacities and costs are tabulated in Table 5.3,
along with their important parameters.
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Figure 5.5: VRFB: Heatmaps of storage capacity and system cost for all simulations using VRFB as storage technology
Table 5.3: Minimum and Maximum values for all simulations using VRFB Storage technology
Unit Minimum Minimum Maximum Maximum
Storage System Storage System
Capacity Cost Capacity Cost
Conventional Turbines turbines 8000 1400 100 8000
Lowwind Turbines turbines 0 0 3700 0
Overplanting Factor - 5.20 1.16 1.09 5.20
Storage Capacity 108 MW h 0.6467 1.878 7.923 0.6467
Import MW h 1452 1600 3549 1452
Export 108 MW h 39.862 3.647 0 39.862
Wind Cost 1010 €/yr 12.01 1.881 4.5415 12.01
Storage Cost 10" €/yr 0.0023 0.0067 0.0283 0.0023
System Cost 1010 €/yr 12.01 1.887 4.5437 12.01

Looking at Figure 5.5a, it can be seen that the lowest storage capacities are achieved on the right
diagonal border of the heatmap. All points along this border represent a simulation where all the
available offshore locations have been filled to the maximum possible. This is expected, as overplanting
increases the produced power at every time step, reducing the amount of mismatch and thereby the
needed storage capacity. The simulation with the lowest storage capacity occurs at 8000 conventional
and 0 Low-Wind turbines. The respective simulation has a overplanting factor of 5.2. However, high
overplanting factors can only be achieved by installing a large amount of turbines, incurring significant
capital and maintenance costs. Since not all excess energy in the system can be exported and has
to be curtailed, these costs are essentially wasted. Because of this, the same simulation is also the
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simulation with maximum system costs. Figure 5.5b shows a minimum total system cost at the lower
border of the heatmap. The points along this border represent simulations where no Low-Wind Turbines
have been installed. The simulation with the lowest system cost occurs at 1400 conventional and 0
Low-Wind Turbines. This simulation has an overplanting factor of 1.16, and has the minimal amount of
turbines required to satisfy all constraints. The other simulation that satisfies all constraints is for 1300
conventional turbines and 100 Low-Wind turbines, which has a storage capacity of 2.477 x 108 MW h
and a system cost of 1.889 x 10'°€/yr. In the case of the second simulation, the cost reduction
achieved by the installation of 100 less expensive Low-Wind turbines are negated by the cost incurred
from the increased storage capacity.

It should also be noted that the found minimal and maximal solutions are a result of the chosen
turbine step size between simulations. When choosing a step size between simulations of single
turbines, the simulation with the exact amount of turbines that would result in minimal system costs
can be found. However, this thesis aims to show the general patterns and relations between storage
and wind costs, and the exact optimum is therefore beyond the scope of this thesis. The chosen step
size of 100 turbines is deemed sufficient to show the desired results.
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Figure 5.6: VRFB: Cross-sections through heatmaps, showing trends in storage capacity and system cost for constant
conventional and constant Low-Wind turbines

Figures 5.6a and 5.6b show the horizontal and vertical cross-sections of the storage capacity and
system cost heatmaps shown above. Since the minimum cost solution lies on the border of the
heatmap, subtracting turbines is not possible. The horizontal cross-section shows the trends in storage
capacity and total system cost when adding conventional turbines at constant Low-Wind turbines, while
the vertical cross-section shows the trends when adding Low-Wind turbines at constant conventional
turbines. As the simulation with minimum costs lies on the border of the heatmap, the amount of
conventional and Low-Wind turbines can not be decreased. Figure 5.6a shows that, when close to
the minimum system cost simulation, adding turbines to the system has a significant impact on the
required storage capacity. From 0 to around 100 additional turbines, the effect of both conventional
and Low-WInd turbines is similar. From 100 to 3000 additional turbines, adding conventional turbines
has a greater effect on the reduction of the required storage capacity than Low-Wind turbines. After
about 3000 turbines the effect becomes similar again.

It can also be seen that both storage capacity lines are composed of several linear segments with
different slopes. There can be several explanations for this behaviour. One explanation can be that
these kinks are the results of a certain constraint being satisfied and another one becomes normative.
Another explanation can be that another point in the time series becomes normative. The exact reason
behind this behaviour is beyond the scope of this thesis. Figure 5.6b shows that adding conventional
turbines is slightly more expensive than Low-Wind turbines. The increase in total system cost seems
to show a nearly linear pattern. Although adding Low-Wind turbines is slightly less expensive than
conventional turbines, between 100 and 3000 added turbines their effect on the reduction of storage
capacity is also much less. For instance, at a storage capacity of 1 x 108 MW h, around 1200 extra
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conventional turbines are needed, resulting in a system cost of 0.3 x 10"" €, while 2200 extra Low-
Wind turbines are needed, which results in a system cost of more than 0.4 x 10" €. Only for large
reductions of storage capacities, when high overplanting is needed, can Low-Wind turbines provide a
cost-effective solution.

From the information provided by the storage capacity heatmap, it can be concluded that Low-Wind
turbines do not contribute to the minimisation of storage capacity, since the simulation with minimum
storage cost does not contain Low-Wind turbines. The system capacity heatmap shows that Low-Wind
turbines also do not contribute to minimising total system costs, since the minimum cost simulation also
does not contain Low-Wind turbines. In the situation where the storage capacity at minimum system
costs is not feasible, more wind generation has to be installed to lower this capacity. When looking at the
horizontal and vertical cross-sections, it can also be concluded that Low-Wind turbines do not provide
a cost-effective alternative for reducing the total storage capacity. Only when the required storage
amount has to be lowered by a significant amount can Low-Wind turbines compete with conventional
turbines. For these settings, wind costs dominate the systems cost, and therefore the simulation with
minimal costs appears at the bottom left corner of the heatmap, where the least amount of turbines are
installed.

5.2.3. Compressed Air Energy Storage

This section presents the outcome of the model, when using CAES as storage technology. Figure 5.7a
shows a heatmap of the calculated storage capacities for all simulations Figure 5.7b shows a heatmap
of the total system cost for all simulations. Table 5.4 shows the values of the simulations that resulted
in the lowest and highest storage capacities and total system cost.
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Figure 5.7: CAES: Heatmaps showing storage capacities and total system cost for each simulation

Figure 5.7a and table 5.4 show that again, the lowest storage capacities are achieved on the right
diagonal border, which are all simulations with high overplanting factors. Comparing Figures 5.5a
and 5.7a side by side, it can be seen that they are identical. This is confirmed when comparing the
simulations for the lowest and highest storage capacity, tabulated in Tables 5.3 and 5.4. This result
can be explained by the fact that these storage technologies are modelled with the same parameters
for efficiency and depth of discharge. The main difference between CAES and the other storage
technologies is the fact that the cost of this technology is a function of its maximum needed power,
instead of its capacity. As a result the storage costs for CAES are slightly lower than for VRFB. Again,
wind costs dominate the system costs, resulting in the simulation with minimal costs now occurring at
1300 conventional and 100 Low-Wind turbines. This simulation has the minimal amount of turbines
required to satisfy all constraints. The simulation with 1400 conventional turbines has a fractionally
higher cost of 1.886 x 10'0€/yr, due to higher wind costs. The storage costs for both simulations
are identical, meaning they were based on the same required maximum power output. From this
information, it can be concluded that in this case Low-Wind turbines have a minimal effect on minimising
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Table 5.4: Minimum and Maximum values for all simulations using CAES Storage technology
Unit Minimum Minimum Maximum Maximum
Storage System Storage System
Capacity Cost Capacity Cost
Conventional Turbines turbines 8000 1300 100 8000
Lowwind Turbines turbines 0 100 3700 0
Overplanting Factor - 5.20 1.12 1.09 5.20
Storage Capacity 108 MW h 0.65 2.477 7.92 0.666
Import MW h 1452 1588 3549 1452
Export 108 MW h 39.862 0.8756 0 39.862
Wind Cost 10"0 € /yr 12.01 1.880 4.5415 12.01
Storage Cost 1070 €/yr 0.0181 0.00529 0.00528 0.0181
System Cost 1070 €/yr 12.01 1.885 4.5421 12.01

storage capacity. Again, the chosen turbine step size between simulations plays an important role in
the outcome of the minimal cost simulations. If a step size of a single turbine were chosen, the minimum
cost simulation would probably contain between 1300 and 1399 conventional turbines, and between 0
and 100 Low-Wind turbines, with a maximum combined amount of 1400 turbines.
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Figure 5.8: CAES: Cross-sections through heatmaps, showing trends in storage capacity and system cost for constant
conventional and constant Low-Wind turbines

Figures 5.8a and 5.8b show the horizontal and vertical cross-section through the simulation with
minimal system cost. Since the minimum cost solution lies on the border of the heatmap, subtracting
turbines is not possible. The storage capacity lines shown here are different from those for VRFB, as
the cross-section now occurs at 100 Low-Wind turbines, instead of 0. Figure 5.8a shows that, when
close to the minimum system cost, adding turbines to the system has a significant effect on the storage
capacity. From 0 to around 200 added turbines, the effect on reducing storage capacity is comparable.
From 200 to 3000 the line for constant Low-Wind turbines is lower, meaning that adding conventional
turbines has a greater effect on the reduction of storage capacity than Low-Wind turbines. After about
3000 turbines both turbines have a similar effect on storage capacity again. Figure 5.8b shows that
adding conventional turbines is more expensive than adding Low-Wind turbines.

From the information provided by the storage capacity heatmap, it can be concluded that Low-Wind
turbines do not contribute to the minimisation of storage capacity, since the simulation with minimum
storage capacity does not contain Low-Wind turbines. The system costs heatmap shows that Low-
Wind turbines minimally contribute to minimising total system costs, since the minimum cost simulation
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contains a small amount Low-Wind turbines. However, this is an effect of the fact that wind costs
dominate the total system costs. Moreover, this can be an effect of the chosen step size.

When looking at the horizontal and vertical cross-sections, it can be concluded that Low-Wind
turbines can provide a cost-effective alternative for reducing the total storage capacity in some situations.
Conventional turbines have a greater effect on the reduction of storage capacity, but at greater costs. In
the situation where the storage capacity at minimum system costs is not feasible, more wind generation
has to be installed to lower this capacity. In that case, Low-Wind turbines could provide a cost-effective
alternative to conventional turbines. Identical to the simulations with VRFB, wind costs dominate the
systems cost, and therefore the simulation with minimal costs appears at the bottom left corner of the
heatmap, where the least amount of turbines are installed.

5.2.4. Lithium-lon Batteries

This section presents the outcome of the model, when using Lithium-ion batteries as storage technology.
Figure 5.9a shows a heatmap of the calculated storage capacities for each simulation. Figure 5.9b
shows a heatmap of the total system cost for each simulation. Table 5.5 shows the simulations and
respective outputs that resulted in the minimum and maximum storage capacity an system costs.
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Figure 5.9: Lithium: Heatmaps showing storage capacities and total system cost for each simulation using Lithium as a storage
technology

Table 5.5: Minimum and Maximum values for all simulations using Lithium Storage technology

Unit Minimum Minimum Maximum Maximum

Storage System Storage System

Capacity Cost Capacity Cost
Conventional Turbines turbines 8000 2600 100 100
Lowwind Turbines turbines 0 0 3400 3400
Overplanting Factor - 5.20 1.90 1.03 1.03
Storage Capacity 108 MW h 0.883 1.2763 12.83 12.83
Import MW h 1452 1225 3186 3186
Export 108 MW h 40.11 27.41 0 0
Wind Cost 1010 €/yr 12.01 3.55 4.16 4.16
Storage Cost 10" €/yr 0.577 8.33 83.81 83.81
System Cost 1010 €/yr 17.77 11.88 87.97 87.97

Figure 5.9a shows the lowest storage capacities on the right diagonal border, which are all simulations
with high overplanting factors. The simulation with the lowest storage capacity occurs at 8000 conventional
turbines and 0 Low-Wind turbines, which is the same as for VRFB and CAES. This further strengthens
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the conclusion that Low-Wind turbines do not contribute to minimising storage capacity. Comparing
Figure 5.9a with Figures 5.5a and 5.7a, it can be seen that for lithium, storage capacities are higher
compared to VRFB and CAES. This result can be explained by the fact that the maximum depth-
of-discharge (DoD) for lithium is lower, at 80 %. Because of this reduced DoD, Lithium requires a
larger capacity in order to be able to store enough energy. Figure 5.9b now shows a global minimum
system cost along the bottom border of the system cost heatmap, at 2600 conventional and 0 Low-Wind
turbines. It can be seen that the range of system costs, indicated by the color bar of the heatmap, is an
order of magnitude higher than for VRFB and CAES. The higher system costs are a result of several
factors: higher price per kW h, shorter lifespan and higher storage capacities due to limited DoD and
yearly degradation of the available storage capacity. The combined effect of all these factors results
in significantly higher storage costs, which are now in the same order of magnitude as wind costs. It
can also be seen that for the simulation with minimum cost, storage costs are now higher than wind
costs. The effect of this increased storage cost is that the minimum cost simulation has moved towards
increasing the amount of turbines and thereby the overplanting factor. It can also be seen that for these
model parameters, Low-Wind turbines do not contribute to the minimisation of storage costs.

Storage Capacity System Cost
1e6 Constant Conventional Vs. Constant Low-Wind 1e11  Constant Conventional Vs. Constant Low-Wind

—#*— Constant Conventional Turbines —#*— Constant Conventional Turbines

—*— Constant Low-Wind Turbines 1.8 —%— Constant Low-Wind Turbines

i i

1 1

1 1

1 1

1 1

1 1

1 1

— 1 1
= 1 1
= | |
S 200 | = |
> ! 5 1.6 |
S i g |
§175 i o |
© 1 - 1.5 ]
o | i3 |
3 1.50 i o i
o ! 1.4 !
s ' !
® 1.25 i i
I 1.3 1

1 1

1.00 | |

! 1.2 !

1 1

-1000 0 1000 2000 3000 4000 5000 -1000 0 1000 2000 3000 4000 5000
Added Turbines [-] Added Turbines [-]
(a) Lithium: Storage capacity graphs for constant (b) Lithium: System cost graphs for constant conventional
conventional and constant Low-Wind turbines and constant Low-Wind turbines

Figure 5.10: Lithium: Cross-sections through heatmaps, showing trends in storage capacity and system cost for constant
conventional and constant Low-Wind turbines

Figures 5.10a and 5.10b show the horizontal and vertical cross-section of the heatmap, through
the simulation with minimal system costs. Since this simulation lies on the bottom border of the
heatmap, only conventional turbines can be subtracted. Figure 5.10a shows that between 0 and around
—1300 turbines, the storage capacity shows an exponential increase for subtraction of conventional
turbines. Because of the low overplanting in this region of the heatmap, the amplitude and frequency
of the mismatch increases, putting a large strain on the storage. The high cost of storage in these
model settings means that the minimum cost solution now consists of a trade-off between overplanting
and installing extra storage capacity. The lines between 0 and 5400 added turbines show that both
conventional and Low-Wind turbines have a similar effect on the reduction of required storage capacity.
Figure 5.10a shows that, when looking at the minimum, subtraction of conventional turbines leads to an
exponential increase in costs. This is the result of the exponential increase in required storage capacity.
It can also be seen that adding conventional turbines increases the system costs more rapidly than
adding conventional turbines. Since the effect of both turbines on storage reduction is similar, it can
be said that Low-Wind turbines provide a cost-effective alternative in the situation where the minimum
cost storage capacity is not feasible.

From the information provided by the storage capacity heatmap, it can be concluded that Low-Wind
turbines do not contribute to the minimisation of storage capacity, since the simulation with minimum
storage cost does not contain Low-Wind turbines. The system costs heatmap shows that Low-Wind
turbines also do not contribute to minimising total system costs, since the minimum cost simulation does
not contain Low-Wind turbines. As the wind costs for all simulations are constant between VRFB, CAES
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and Lithium, this result can be explained by the increased storage capacity needed for Lithium. For
each combination of conventional and Low-Wind turbines, more storage capacity is needed for Lithium
than for VRFB and CAES. This increased storage capacity, combined with its increased specific cost,
degradation and short lifespan, results in the storage costs being in the same order of magnitude as
wind costs. The end result of this is that the simulation with optimal costs consists of a trade-off between
storage costs and wind costs.

5.3. Sensitivity Analysis

This section presents and discusses the results of the sensitivity analysis. The goal of the sensitivity
analysis is to assess the consequences of the choices in this study on the outcome and to generalise
the results, so broader conclusions can be drawn about the effects of Low-Wind and storage costs.
The parameters that are assessed in the sensitivity analysis are the CAPEX of the Low-Wind turbines
and the CAPEX and OPEX of the different storage technologies. The selected parameters within the
model are varied using a cost factor. The cost factors scale the desired parameter up or down, after
which the total system cost is recalculated, and the minimum cost simulation is found. When a variation
of a certain parameter results in drastically different results, this means that the value of this parameter
has to be set accurately and requires careful consideration. On the other hand, when a variation in a
parameter does not result in significantly different results, the accuracy of this parameter is not deemed
very important for the final result.

5.3.1. Low-Wind CAPEX

This section presents and discusses the results of the sensitivity analysis on the CAPEX of the Low-
Wind turbine. The Low-Wind CAPEX is varied, but the OPEX is kept constant, to make sure we only
see the effect of the Low-Wind turbine scaling and cost model. The Low-Wind CAPEX cost factors
is varied between 0 en 4, with 0.1 increments. The OPEX of the Low-Wind turbines is not varied,
as a large share of the turbine OPEX comes from logistic and equipment that do not differ between
Low-Wind and conventional turbines. The results of the sensitivity analysis on the Low-Wind turbine
CAPEX are shown in Figure 5.11. For each storage technology, the trend lines show the shifting of
the simulation with minimum costs on the overplanting heatmap, as shown in Figure 5.4. Next to each
heatmap a 2D representation of the respective trend line is shown, in order to show the direction of the
trend line for increasing cost factors. With this information it can be assessed whether variation of a
certain parameter has a significant impact on the results. The markers on the lines represent an integer
cost factor. The same process is repeated and shown for the sensitivity analysis of storage CAPEX
and OPEX.

For VRFB, at cost factors of 0.8 and lower, the simulation with minimum total costs moves to the
simulations with 1300 conventional and 100 Low-Wind turbines. In this cost factor region the reduction
of wind costs, achieved by the lower cost of Low-Wind turbines, outweighs the increased storage cost.
For cost factors higher than 0.8 the simulation stays at the original simulation with 1400 conventional
turbines.

For CAES, at cost factors of 1 and lower, the simulation with minimum system costs stays at the
original simulation of 1300 conventional and 100 Low-Wind turbines. In this cost factor region the
reduction of wind costs, achieved by the lower cost of Low-Wind turbines, outweighs the increased
storage cost. For higher cost factors the reduction this is no longer true and it switches to the simulation
with 1400 conventional turbines. After this point, further increasing of the Low-Wind CAPEX seems to
have no effect on the results.

For Lithium, only at a cost factor of 0 is there movement of the minimum cost simulation. At this
cost factor, the minimum cost simulation moves to the simulation with 1500 conventional and 1900
Low-wind turbines. However, This cost factor is not considered a valid result, since Low-Wind turbines
can not be built and installed for zero cost. For all other cost factors the simulation stays at the original
simulation of 2600 conventional turbines.

From this information several conclusions can be drawn. For both VRFB and CAES, the model
shows similar behaviour. In both cases the location of the minimum cost solutions shows very low
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sensitivity to the CAPEX of the Low-Wind turbine. For small Low-Wind cost factors, the wind cost
reduction achieved by exchanging 100 conventional for Low-Wind turbines outweighs the increase in
storage cost. For these model settings, wind costs dominate the system costs and as a result the
minimum cost simulation aims to minimise the amount of wind turbines. In both situations the optimal
solution lies in the region of low overplanting.

In the case of Lithium, where storage costs and wind costs appear in the same order of magnitude,
the minimum cost simulation shows no movement for a change in Low-Wind costs. Only for zero Low-
Wind CAPEX does the simulation move, but since Low-Wind turbines can not be built and installed for
free, this is not considered a valid result. Reducing the CAPEX of the Low-Wind turbines essentially
reduces the slope in the vertical direction of the system cost heatmap. However, the installed Low-Wind
turbines still have to be maintained and operated, incurring OPEX. Increasing or decreasing the slope
does not result in movement of the simulation with minimum costs.

For situations where wind costs dominate system costs, the model is not sensitive to the cost of the
Low-Wind turbine. When the optimum situation already does not contain Low-Wind turbines, increasing
the cost will obviously not shift the optimum towards Low-Wind turbines. The reduction of the Low-Wind
turbine CAPEX also has very little effect on the simulation. For situation where storage and wind cost
are in the same order of magnitude and the minimum cost simulation contains no Low-Wind turbines,
the model is also not sensitive to the CAPEX of the Low-Wind turbine. This result can be explained by
the fact that the installation of Low-Wind turbines still incurs OPEX, while being less effective at reducing
storage capacity than conventional turbines. Even increasing the Low-Wind CAPEX to near-zero does
not make them cost-competitive with conventional turbines, in this case.

5.3.2. Storage CAPEX & OPEX

This section presents and discusses the results of the sensitivity analysis on the cost of the storage
technologies. For this analysis, both the storage CAPEX and OPEX are varied. This is done, because
for all storage technologies the OPEX is calculated as a percentage of the CAPEX. The OPEX of
the storage components is assumed to be largely dominated by replacement cost of parts rather than
logistics and equipments, as opposed to the OPEX of the Low-Wind turbine. Hence, changing the
CAPEX automatically also changes the OPEX. The cost factor for the storage solution is varied between
0 and 5 for VRFB and CAES, and between 0 and 20 For CAES and Lithium, 0.1 increments. For Lithium
the storage cost factor range is varied over a larger range in order to show the entire movement of the
trend line. The large range of cost factors is not meant to show the effect of the uncertainty of Lithium
storage cost, but rather is meant to generalise the results. This way the conclusion that are drawn can
be applied to different storage technologies which have similar technical parameters as Lithium, but
cover this large range of specific costs. Figure 5.12 presents the results of the sensitivity analysis on
the storage CAPEX and OPEX. The markers on the lines represent an integer cost factor.

For VRFB, the model only shows movement of the minimum cost simulation for very low storage
cost factors, between 0 and 0.2. for storage cost factors between 0 and below 0.2, the minimum
cost simulation lies at the simulation with 1300 conventionial and 100 Low-Wind turbines. In this cost
factor region, wind cost purely dominate the system cost and the model aims to minimise the installed
turbine capacity. Again, in this cost factor region the cost reduction achieved by installing 100 Low-
Wind turbines in stead of conventional, outweighs the increased storage cost. for storage cost factors
of 0.2 and higher, the minimum cost simulation lies at the simulation with 1400 conventional turbines.
In this cost factor region, the cost reduction achieved by the Low-Wind turbines no longer outweighs
the increased storage costs, and therefore the simulation moves towards the other simulation with the
lowest feasible amount of turbines, which also has a lower storage capacity.

For CAES, the model shows no movement of the minimum cost simulation for changing storage
costs. For these settings, wind cost purely dominate the total system costs and the model aims to
minimise the cost of installed turbine capacity.

For Lithium, the model shows movement of the minimum cost simulation for the entire range of
storage cost factors. For storage cost factors between 0 and 1, the minimum cost simulation moves
from the left diagonal border and trends towards regions with higher overplanting. In this cost factor
region, the cost of storage becomes increasingly dominant, and therefore the simulation with minimum
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Figure 5.11: Results of sensitivity analysis performed on the Low-Wind Turbines CAPEX for the different storage technologies

cost consists of a trade-off between wind costs and storage costs. Therefore the minimum system cost
simulation trends towards installing more turbines. In this cost factor region, the Low-Wind turbines do
not contribute to the simulation with minimum costs. For storage cost factors between 1 and 2.6, the
model shows a high sensitivity to storage costs. In this cost factor region the minimum cost simulation
lies within the heatmap. Here, three things can be seen happening. First, the minimum cost simulation
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trends towards increasing total installed turbine capacity, which can be seen by the upward slope of the
green line in Figure 5.12f. This indicates that for increasing storage costs, the minimum cost solution
trends towards overplanting and reducing storage capacity. Secondly, Low-Wind turbines increasingly
contribute to the minimum cost simulation. This contribution peaks at a cost factor of around 2.5. Thirdly,
although installed total capacity and installed Low-Wind both increase, the amount of overproduction
stays largely constant. The fact that, for a certain range of cost factors, the overplanting factor stays
relatively constant means that their effect is not a result of increasing the yearly produced energy,
but rather that of reducing the occurence and amplitude of the mismatch during moments of low wind
speeds. Since conventional and Low-Wind turbines essentially behave the same at low wind speeds,
but Low-Wind turbines are less expensive, they become cost-effective. This shows that, for a certain
range of storage costs, Low-Wind turbines can provide a cost-effective solution to minimising system
cost. From Section 5.2.4 we know that at a cost factor of 1 the largest share of the total system
cost comes from storage costs. For higher cost factors, this share only increases. For storage cost
factors of 2.6 and higher, the model shows a high sensitivity to storage costs. In this cost factor region,
the system cost become increasingly dominated by storage costs. Low-Wind turbines decreasingly
contribute to the simulation with minimum system cost, since conventional turbines are more effective
at reducing the required storage capacity. For increasing storage costs, the model favors a higher
ration of conventional turbines.

When looking at the overal shape of the trendline along the heatmap, it can be seen that this line
crosses the minimum cost solution that were found in the initial simulations. It can be said that this
trendline represent the entire spectrum of system costs options, ranging from dominated purely by wind
costs to dominated largely by storage costs. For very low storage cost factors, where storage costs
dominate the system cost, the simulation also lies in the bottom left corner. Then, for moderate storage
costs overplanting becomes important, but Low-Wind turbines do not yet contribute in the minimum
cost solution. For high storage cost factors, storage costs become increasingly dominant, and the
Low-Wind turbine becomes a cost-effective solution for the minimisation of system cost. For very high
cost factors the model aims to minimise storage capacity, and the minimum cost simulation trends to
even larger overplanting factors by saturating the available area. Since in this situation the available
space is limited, and conventional turbines are more effective at reducing storage capacity than Low-
Wind turbines, the share of conventional turbines increases for increasing storage cost factors.

From the information above, The following conclusions can be drawn. In a system where the costs
are dominated by wind costs, the objective becomes to minimise the amount of wind turbines. In these
cases, Low-Wind turbines do not contribute to a reduction of total system cost. In a system where
the costs are dominated by storage costs, the minimum cost simulation aims to minimise the storage
capacity by overplanting winid turbines. This is mainly achieved by fully saturating all the available
offshore wind farm area available with wind turbines. However, in these systems where storage costs
dominate, the Low-Wind turbines seem to be able to provide a cost-effective solution to minimising total
system cost.
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Conclusion

This chapter concludes the work done in this thesis. In this chapter the research questions, stated in
Section 1.4, are answered. The research methods are reflected upon and the general conclusion that
can be drawn from the results are presented.

6.1. Key Findings

This thesis assessed the effectiveness of the Low-Wind turbine concept on the reduction of required
large scale seasonal storage and costs, within the Dutch power system. In order to complete this
assessment, several sub-questions have been posed to help structure and divide the different components
that were needed in order to answer the final question. In the sections below, VRFB and CAES are
considered the low-cost storage technologies, while Lithium is considere to be the high-cost storage
technology.

6.1.1. What will be the cost of a Low-Wind turbine?

The Low-Wind turbine design resulted in a 26 % cost reduction compared to the conventional turbine
with equal rotor swept area, but higher rated power. This result was achieved by the redesign of the
IEA 15 MW Reference turbine into a 4.33 MW Low-Wind turbine.

However, the chosen modelling approach for the support structure resulted in an unwanted positive
gradient in tower diameter and wall thickness, which requires attention when moving further with the
design. Also, a check of the natural frequency of the new support structure shows possible interference
with the average wave period of the North Sea. The cost of the generator of the Low-Wind turbine is
solely based on its rated power, which might not be accurate for the large range over which the rated
power has been scaled. Ultimately, it can be concluded that the Low-Wind turbine design was largely
successful, since the main goal was to determine a reasonable cost figure for this turbine.

6.1.2. What is the effect of implementing Low-Wind turbines in the Dutch power
system on the required seasonal storage capacity?

The results show that Low-Wind turbines are less effective at the reduction of the required seasonal

storage capacity than conventional multi-MW turbines. For all storage technologies assessed in this

study, the lowest storage capacity was needed when all available offshore wind farm space was filled

with conventional wind turbines.

According to the results, overplanting is the most effective solution for reducing the required storage
capacity, and adding conventional turbines increases overplanting more rapidly then Low-Wind turbines.
When a simulation has low overplanting, mismatch occurs more frequently and their respective amplitudes
are higher. Therefore, the system requires large storage capacities in order to deal with these moments.
In turn, increasing overplanting reduces the occurrence of mismatch and reduces their respective
amplitude. This in turn reduces the amount of energy that needs to be stored within the seasonal
storage, and reduces its required rated power.

When the required storage capacity to obtain the most cost-effective system can not be achieved,
adding conventional turbines is more effective at reducing storage capacity than Low-Wind turbines.
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For low-cost storage technologies, wind costs dominate the system costs. In these cases the
most cost-effective system requires large storage capacities and adding conventional turbines is more
effective at increasing overplanting and thereby reducing storage capacity. Only for high overplanting
factors do they show similar results. When more expensive storage technologies are required in the
system, larger overplanting factors become increasingly cost-effective. In these cases the addition of
both conventional and Low-Wind turbines may have similar effectiveness in further reduction of the
required storage capacity.

6.1.3. What is the effect of different storage technologies on the required seasonal
storage capacity?

The results of the different storage technologies showed that the efficiency, depth of discharge (DoD)and

lifetime of the storage technology have an effect on the required storage capacity. The results of VRFB

and CAES show no difference in required storage capacity. This can be explained by the fact that they

have the same characteristics for efficiency and DoD. The results of Lithium showed higher storage

capacities are higher compared to VRFB and CAES, mainly due to it reduced DoD and lifetime.

6.1.4. What is the effect of implementing Low-Wind turbines in the Dutch power
system on the system costs?

When using low-cost storage technologies, Low-Wind turbines show little to no effect on the cost of the
power system. In these situations, wind costs dominate the system cost and therefore wind costs are
minimised by installing as little storage capacity as possible.

When using storage technologies with higher costs, Low-Wind turbines show no effect on the cost of
the power system. In this case, the most cost-effective solution lies in a region with higher overplanting,
but Low-Wind turbines are not installed in the minimum cost simulation.

In general, it can be concluded that Low-Wind turbines do not directly contribute to the minimum
system costs. However, at high overplanting factors their effect on storage capacity is similar to
conventional turbines, and they achieve this result at lower costs. Therefore, in situations where the
storage capacity required for minimum costs can not be achieved and high overplanting is required,
Low-Wind turbines may be able to provide a cost-effective solution.

6.1.5. What is the effect of different storage technologies on the system costs?

The results with the low-cost storage technologies show that their costs can be considered negligible
compared to wind costs. Because of this, the most cost-effective simulation has large storage capacities
and low overplanting. The results also show little difference between calculation of storage costs based
on required capacity or required rated power. For high-cost storage technologies, the results show that
storage costs become an increasingly dominant components of the system costs. The higher cost can
be caused by higher specific cost, shorter lifespan or a combination of the two.

6.1.6. how sensitive are the results to the cost of the Low-Wind turbines?

The sensitivity analysis performed on the CAPEX of the Low-Wind turbine shows little effect on the
location of the minimum cost simulation for all storage technologies.

For low-cost storage technologies, for certain Low-Wind turbine CAPEX, the minimum cost simulation
contains Low-Wind turbines. This effect goes away for increased Low-Wind CAPEX. The switch
between the two simulations happens at the Low-Wind cost factor where the cost reduction achieved
by the Low-Wind turbines equals the extra cost incurred from the increased storage capacity.

For high-cost storage technologies, only when Low-Wind CAPEX is reduced to zero does the
simulation switch to a simulation which contains Low-Wind turbines.

In general, the sensitivity analysis showed that,for these model settings, the model is not sensitive
to Low-Wind turbine costs. This sensitivity analysis further proved that Low-Wind turbines minimally
contribute to the minimum cost solution, even when their CAPEX is set to zero. Because Low-Wind
turbines are less effective at reaching the desired yearly demand, many of them need to be installed.
The extra OPEX that results from this increased amount makes them an unfavourable option.
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6.1.7. How sensitive are the results to the cost of the storage technologies?
For the low-cost storage technologies, the sensitivity analysis performed on the storage CAPEX and
OPEX showed little effect on the location of the minimum cost simulation. For very low storage cost
factors, the cost reduction achieved by installing Low-Wind turbines outweighs the cost of the increased
storage capacity. This essentially is the same behaviour as shown in the sensitivity analysis performed
on the Low-Wind turbine CAPEX. For increasing cost factors the model showed no sensitivity.

For the high-cost storage technologies, the sensitivity analysis essentially showed the entire spectrum
of cost dominance possibilities, ranging from dominated by wind costs to dominated by storage costs.
Because of this, more general conclusions can be drawn about the effectiveness of Low-Wind turbines.
It again proved that for situations where wind costs dominate, the minimum cost simulation aims to
reduce the amount of installed turbines, and in those cases Low-Wind turbines do not contribute to
this simulation. When storage costs become increasingly dominant, the minimum cost simulation
trends towards overplanting. In this situation, the Low-Wind turbines still do not provide a cost-effective
alternative. However, when storage cost become even higher, both conventional and Low-Wind turbines
show a similar effect on the reduction of storage capacity, while Low-Wind turbines can do this at lower
cost. In this situation, Low-Wind turbines can be a cost-effective solution to minimising system cost.
When all available offshore wind farms are fully saturated and storage cost is increased even higher, the
minimum cost simulation trends towards higher overplanting. Since conventional turbines do this more
effectively, the cost-effectiveness of Low-Wind decreases until all wind farms only contain conventional
turbines.

6.2. Recommendations

Several recommendations for research topics that can further deepen the knowledge about the effectiveness
of the Low-Wind turbine are stated below:

» The study can be repeated using meteorological and demand data of a different year or country,
in order to see if the same conclusions can be drawn. It might be the case that the particular
datasets used in this study are not representative of an average year, and therefore give skewed
results.

» The effectiveness of Low-Wind turbines on other services within the energy market, such as
frequency containment, can be investigated.

» The effect of a more diverse mix of turbines can be investigated. In reality the portfolio of installed
wind turbines is much more diverse than just three turbines. This mix of different turbines might
alter the effectiveness of the Low-Wind turbines.
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