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Abstract

Wave Power Base Load Properties

Magnus Andersson

The increased introduction of renewable energy puts pressure on power producers
to level peak loads, since the electrical generation from renewable sources more
often than not is of intermittent nature. Good base load properties i.e. smooth and
even power production over time is one of the most important characteristic a
renewable source can show since that implies that less regulating power is required. 

This project examines the base load properties of wave power and compares them to
the base load properties of wind power. This is done based on wave data from
Islandsberg on the Swedish west coast and on wind and wave data recorded at Horns
rev, a large wind power farm of the west coast of Jutland, Denmark. The wave energy
converter (WEC) investigated is a point absorber type WEC, similar to the device
developed at Uppsala University / Seabased AB. 

The results indicate that electrical generation from waves is less fluctuating than
generation from winds. Further, wind and wave power co-production would benefit
from the time delay in electric wave generation due to that the wind-generated waves
continue, after the wind velocities slow down and the wind power output decreases.
However, the results also show that Horns rev (and Islandsberg) have rather
moderate wave climates and wind-wave co-production would be better balanced in
more energetic wave climates (deeper and/or more exposed waters).
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Svensk sammanfattning 
 

Under de senaste åren har klimatförändringar och växthuseffekten fått allt större 

uppmärksamhet i media. Nobels fredspris gick t.ex. till Al Gore och FN:s klimatpanel bl.a. för 

deras arbete med att öka medvetenheten av klimathotet. Samtidigt ökar stadigt konsumtionen 

och efterfrågan på energi, kanske speciellt i utvecklingsländer som Kina och Indien. EU vill 

att deras medlemsländer ska öka sina andelar förnyelsebar energi och detta medför problem 

för el-producerande företag. Eftersom de flesta förnyelsebara källor uppvisar varierande 

flöden varierar också elproduktionen från dessa källor. Idag finns inget effektivt sätt att lagra 

elektrisk energi vilket medför att elen måste produceras i samma ögonblick som den 

konsumeras för att elnätet ska vara i balans. För att balansen ska uppnås har elproducenter vad 

som kallas reglerkraft som är produktion som snabbt kan ökas eller sänkas. I Sverige används 

vattenkraften som reglerkraft. Många länder saknar dock denna energikälla och använder 

fossila bränslen för att balansera nätet. Detta arbete undersöker delvis baslastegenskaperna för 

vågkraft. Baslastegenskaperna kan sägas vara produktionsteknikens förmåga att bidra till 

bastlasten på elnätet, dvs. baskonsumtionen på nätet. Som ett exempel på en energikälla med 

bra baslastegenskaper kan kärnkraft ges, denna produktion ligger stadigt på en viss nivå vilket 

medför att den är lätt att förutse och produktionsplanera efter. Detta innebär att kärnkraften på 

ett bra sätt, rent tekniskt, bidrar till att täcka baslasten på nätet. 

 

Detta examensarbete baseras till stor del på vågdata och vinddata från Horns rev utanför den 

Jylländska västkusten samt på vågdata från Islandsberg utanför Lysekil på den svenska 

västkusten. Horns rev är en av världens största havsbaserade vindkraftsparker med goda 

vindförhållanden. En modell av ett vågkraftverk och en modell av ett vindkraftverk har 

konstruerats och med dessa har den modellerade uteffekten analyserats. Den vågkraftslösning 

som utvecklats vid Uppsala universitet och Seabased AB representerar vågkraften i detta 

arbete. Vidare undersöks även vågklimatet vid de platser där mätdata är hämtade för att ge en 

bild av hur dessa platser mäter sig som potentiella vågkraftsplatser i jämförelse med 

närliggande vatten. Eftersom vågor byggs upp av vindar finns det möjlighet att samproduktion 

av våg- och vindkraft skulle innebära en jämnare sammanlagd energiproduktion. Detta skulle 

betyda bättre baslastegenskaper för den sammanlagda anläggningen. Detta scenario undersöks 

med hjälp av de tidigare nämnda modellerna.  

 



Vågdata bearbetas ofta med hjälp av Fourier transformer för att definiera storheter som den 

signifikanta våghöjden och olika vågperioder vilka kan beskriva tillstånd till havs. Med 

införandet av dessa storheter förloras viss tidsupplösning i datamängden, en alternativ metod 

baserad på MRA (Multiresolution analysis) undersöks också i denna rapport.  

 

Resultaten indikerar att den levererade effekten från vågkraft är av mindre varierande karaktär 

än den från vindkraft. Dessutom visar resultaten att vågkraften och vindkraften producerar vid 

olika tillfällen vilket är positivt ur ett systemperspektiv samt ur ett samproduktionsperspektiv. 

Samtidigt uppvisar både Islandsberg och Horns rev relativt lugna vågklimat vilket har medfört 

problem för jämförelsen mellan vind och vågkraft och tvingat fram vissa antaganden som bör 

tas i beaktning. Det antagande som har störst betydelse för detta arbete är att vågkraften och 

vindkraften har antagits ha samma utnyttjandegrad sett över ett år. Detta antagande tvingades 

fram p.g.a. det relativt lunga vågklimatet. Om ett vågkraftverk med en bestämd märkeffekt 

skulle modelleras i ett vågklimat lugnare än det vågkraftverket är tänkt att operera i, skulle 

resultaten från baslastanalysen bli lidande.  

 

Studien av MRA visar att det förloras dynamik vid databearbetning med Fourier transformer 

vilket kan vara viktigt då man behöver en noggrannare tidsupplösning, dock fungerar metoden 

med Fourier transformer väl när baslastegenskaper skall studeras vilket bör göras på timmes 

upplösning.  
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Glossary of symbols 
 

Symbol  Unit   Quantity 

 

H   m   Wave height 

T   s   Wave period 

Hs   m   Significant wave height  

Tz   s   Zero up-crossing period 

Te   s   Energy period      

η   m   Wave elevation 

ρ   kg/m3   Density 

λ   m   Wavelength 

ω   rad/s   Angular frequency 

f   Hz   frequency 

g   m/s2   Constant of gravity 

k   1/m   Wave number 

h   m   Water depth 

c   m/s   Wave phase velocity 

cg   m/s   Wave group velocity 

S(f)   m2Hz-1   Spectral density function 

E   J   Energy 

J   W/m   Power per meter wave front 

P   W   Power 

w%      Absorption width 

D   m   Diameter 

A   m2   Area 

V   m3   Volume 

U   m/s   Wind speed 
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 Appendix 1 
 
  Wave conditions presented in scatter diagrams. 

 

• Horns rev 2001, 2002 and 2003 

• Islandsberg 2005 and 2006 

• North Sea point investigated by [20]. 

 
Appendix 2 
 

• Wind and wave power utilization factor  

• Wind and wave power duration curves. 
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1 Background 
 

1.1 General 

 

In the last couple of years, the problem with climate changes and the greenhouse effect has 

gained more attention in the media and more people find the climate threat to be the largest 

problem the world’s population is facing today. This year, 2007, former vice president of the 

USA, Al Gore, and the intergovernmental panel on climate change, a UN network of 

scientists, shared the Nobel peace prize for their work on climate changes.  

 

The vast economical growth of several developing countries, for example China and India, 

puts pressure on power producers and distributors since economical growth most often is 

strongly correlated to power consumption [1]. In developed countries like Sweden the 

increasing living standards results in higher electricity demand. The major source (67 % [2]) 

of the world’s electrical power production today is fossil fuels. Fossil fuels are a major source 

for pollutions and for the greenhouse effect due to the carbon emissions associated with them. 

The poor environmental properties of fossil fuels are not the only down sides these fuels 

struggle with, fossil fuels are as the name indicates a limited resource.  

 

For the reasons given above and others, electricity production from renewable sources is a hot 

topic today. Different techniques of energy conversion from renewable sources have 

experienced technical progress, and the share of renewable energy sources in several countries 

fuel mix is increasing. A problem several renewable sources is struggling with is the 

intermittent nature of the power generation. A wind turbine can only operate when the wind is 

blowing and different wind speeds results in a power production of different magnitude. The 

consumption of electrical power also varies, and does so over minutes, hours, days, weeks and 

seasons. Since no good technique of storing electricity exists, electrical power must more or 

less be produced at the same time it is consumed in order to maintain stability in the power 

grid. In order to solve this problem, power suppliers utilizes what is called regulating power 

i.e. power production to level peak consumptions. In Sweden hydropower is used as 

regulating power, but in most countries fossil fuels are used to level peak consumptions. 

Because of the intermittency of the power generation from renewable sources, with the 

exception of hydropower, the limit of penetration for renewable energy sources depends on 
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the availability of regulating power. Good base load properties, i.e. a stable and predictable 

electrical generation over time, is an important factor for a new renewable energy source. 

 

Ocean waves transport huge amount of energy around the globe, which makes the oceans an 

interesting source for electricity generation. As an energy source for power production, ocean 

waves are rather unexplored compared to several other renewable sources like for example 

wind, sun and hydro. Ocean waves appears not to vary as rapidly as for example the wind 

which makes ocean waves an even more interesting source for power production. It is 

possible that wave power can contribute to a more reliable and stable generation of electricity 

than other renewable sources due to the characteristics of the source. An interesting question 

is whether wave power can act together with offshore wind power in order to bring more 

stability to the transmission system and decrease the amount of required regulating power? A 

joint system with wind and wave power could give better base load properties for the system 

seen as one and decrease the system down time due to the interplay of the different sources 

i.e. the winds and the waves.  

 

Co-location of wind and wave power could prove beneficial from an economical point of 

view since there are practical synergies in infrastructure, permits etc. However, there are also 

conflicting aspects with co-location since the desired site specifics for wind power and wave 

power not necessarily is the same. Offshore wind power is for example often built in shallow 

water in order to make constructions less complex and less expensive while wave power 

benefits from deeper water due to the waves higher energy transport in such waters. 
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1.2 Previous work 

 

A study on co-production of wind and wave power at Horns rev for three specific wave power 

devices was made in 2005 [3] as part of a pre-study regarding the proposed installation of 

demonstration plants (the three devices were Wave Dragon, Wave Star and AquaBuOY). The 

co-production investigation was rather basic and results were given as monthly production 

curves for wind and wave power, in the latter case for each of the three devices. The main 

conclusion from this report is that electrical generation from waves is more stable than 

generation from wind and that wave power production can be expected to continue 3 -6 hours 

after the wind dies out. However no quantitative analysis were performed, which probably 

anyway would have been rather uninformative as the wave power devices investigated were 

dimensioned for more energetic wave climates (full load at 3,5 m significant wave height) and 

thus overrated for the Horns rev site.  

 

1.3 Aim 

 
This work aims to investigate the characteristics of wave power production and compare them 

to the properties of offshore wind power generation. The possible interplay of winds and 

waves will also be studied quantitatively in order to study co-production patterns. Also, the 

sites, where the data this work depends on was recorded, will be investigated. The recording 

sites (Horns rev and Islandsberg) will be compared to other nearby waters to give a view of 

how these sites compare as potential wave power locations.  

 

When analyzing wave power and ocean waves one must have a tool to process the raw wave 

data in order to describe the ocean or more exact the ocean surface. Today the dominant 

technique to describe the wave climate is through parameters defined from a spectral density 

function generated by Fourier transforms. This approach works very well but has the 

drawback that the time resolution for short time variations is lost. In order to investigate the 

reliability of the Fourier transform based approach of analyzing wave data a slightly different 

approach of analyzing ocean wave data based on wavelet transforms is investigated. 



 

 4

2 Introduction  
 
This introduction gives an overview of wave power and shortly describes different approaches 

to wave energy conversion. Also, this introduction aims to explain the concept of base load 

properties and why this is of interest.  

 

2.1 Introduction to wave power  

 

Unlike hydropower wave power is not a mature technology. There exist more than 1000 

different patented solutions for devices that are designed to convert wave energy into 

electrical energy [4]. Wave energy converters (WECs) can take on different shapes and sizes 

and work in different ways. The devices can fore example be divided into different categories 

dependent on where they operate i.e. if they are offshore, near shore or onshore devices or 

how the operate i.e. if they are Overtopping devices, Attenuator devices, Oscillating Water 

Columns or Point absorbers.  

2.1.1 Overtopping system - OTS 

 

Overtopping systems (OTSs) are WECs with a collector and a reservoir. In these systems the 

wave energy is collected and stored in a reservoir as potential energy before the water is let 

out through a turbine [5]. From that point on, where the water has been collected the process 

much resemblance the basic idea of a hydropower plant. Examples of Overtopping systems 

are the TAPCHAN in Norway, which is an onshore device and the Danish Wave Dragon, 

depict in Figure 1, which operates out at sea. 

 

Figure 1: A: Main component of the Wave Dragon. B: Basic principle of the Wave Dragon. Courtesy of 

Wave Dragon ApS and Ltd. 

A B
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2.1.2 Attenuator devices 

 

Attenuators are WECs that uses a wave induced motion to pump hydraulic fluid through a 

hydraulic motor, which in turn drives a generator [5]. There are several attenuator devices but 

perhaps the most well known is The Pelamis, seen in Figure 2, developed by the British 

company Pelamis Wave Power Ltd. The relative motion of the different parts of the device is 

used to pump hydraulic fluid.  

 

 

Figure 2: A: Prototype of the Pelamis. B: The Pelamis depict. Courtesy of Pelamis Wave Power Ltd. 

 

A B
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2.1.3 Oscillating Water Column - OWC 

 

Another type of WECs is the Oscillating Water Columns (OWCs) and these types of devices 

can be found both on- and offshore. In an OWC the oscillating motion of the wave is used to 

force air in and out of a Wells turbine [5]. See Figure 3 below for description of principle. The 

Wells turbine has the advantage that it works in both directions i.e. it can drive a generator 

independent of the direction of the airflow.  

 

 

Figure 3: Principal of an OWC. Courtesy of Centre for Renewable Energy Sources (CRES) 
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2.1.4 Point absorber - PA 

 

A common solution when it comes to absorb energy from the waves is to do so with a point 

absorber (PA). Many different approaches of WECs are based on point absorbers, which in 

most cases are buoys. The power captured by the buoy drives the power take off system 

(PTO) that varies quite a lot from manufacture to manufacture. Some manufactures uses 

hydraulics to drive a generator, some instead directly drives a rotating generator whereas 

some uses a linear generator. Different approaches are shown below.  

 

 

 

 

 

 

 

 

Figure 4: The Wave Star multi point absorber developed 

  by Wave Star Energy. Courtesy of Wave Star Energy. 

 

Figure 5: The UU/Seabased WEC. 

Courtesy of UU/Seabased. 

 

The WEC investigated in this work is a point absorber type device much similar to the WEC 

developed at Uppsala University/Seabased AB shown in Figure 5. This device is described 

more in detail in the following section. 
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2.2 The UU/Seabased solution 

 
 

 

A research team at Uppsala University has developed a 

solution for absorbing ocean energy and converting it into 

electrical power. The device consists of a PA (buoy) for 

absorbing power from the waves and a direct driven linear 

generator. The buoy is the only part of the WEC that can be 

seen above the water surface, the rest of the device is 

placed on the ocean floor 

 

Figure 6: Main generator component.  

Courtesy of UU/Seabased AB 

The buoy is connected to the translator of the permanent magnet linear generator through a 

rope. A translator is the moving part of a linear generator and equivalent with the rotor in a 

rotating electrical machine. Sometimes the translator is referred to as the rotor even though it 

doesn’t rotate. The translator is connected to a concrete structure that rests on the ocean floor 

by springs. As an oncoming wave crest pulls the buoy upwards the translator will be moved 

upwards, in the following wave trough, the spring pulls the translator downwards. This wave-

induced motion generates a heaving motion of the permanent armed translator. The heaving 

motion of the translator surrounded by four stator blocks is the PTO of this device and is 

depicted in Figure 6.  

 

Figure 6: Main generator component. 

Courtesy of UU/Seabased AB 
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2.3 The concept of base load properties 

 

The increase of intermittent energy sources implies that more power production planning has 

to be done in order to balance the variations of the power consumptions. The consumption can 

be divided into two different parts. There is always a base consumption of power, i.e. a base 

load on the grid, and on top there are daily and seasonal load variations. The ability of an 

energy source to contribute to cover the base consumption is referred to as the base load 

properties of that energy source. Desirable properties of an energy source are: 

 

• Stable generation 

• Predictable 

• Coincide with consumption 

 

Nuclear power is alongside with for example hydropower an example of an energy source 

with excellent base load properties. A nuclear power plant is rated for a specific power level. 

Once this level is reached the plant continues to produce power at full level until the coast-

down production, which is the time when the reactor slows down and finally stops for 

maintenance.  

 

The power planning is made on an hourly basis, and therefore, the base load properties of an 

energy source are the characteristics of the output power on an hourly basis [5]. The ability to 

contribute to the base load is very important, an energy source with very little down time is an 

energy source capable to built an energy system around. To bring two sources together in co-

production within the same grid connection could be to give this system better ability to show 

good base load properties, however this of course implies a positive interplay of the different 

sources.  
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3 Theory 
 

The following section and subsections has a minor educational aim directed to the readers that 

lack experience of working with ocean waves in order for these readers to more easily follow 

the later discussion and to bring awareness to these readers of the difficulties found at sea. 

The main purpose with this section is to present the theory behind the calculations in this 

project. 

 

3.1 Ocean wave theory 

 

There are several different kinds of ocean waves with various behaviors. This work only deals 

with surface waves but even in this range there exist different types of waves. Tidal waves for 

example are generated from the small difference in gravity due to the earth rotation. These 

waves can have wavelengths up to thousands of kilometers and can carry large amounts of 

energy around the globe [7]. In this work the tidal waves are not of interest since they are far 

to slow for WECs. Instead this work focuses on smaller waves generated by the wind. These 

waves are sometimes referred to as ocean gravity waves since acceleration of gravity provides 

the restoring force acting on the waves [5]. As the wind blows over an open sea it delivers 

energy to the ocean due to pressure fluctuations at the water surface that comes from the 

turbulence in the wind. These fluctuations produce small waves that can be seen as handles 

for the wind to grab on to. The wind acts on these smaller waves, which makes them grow 

larger [5]. The shape and size of such waves depend mainly on three different wind 

properties:  

 

• The wind speed. 

• The fetch i.e. the distance of open sea the wind has blown over. 

• The time the wind has been present over a certain area. 

 

Ocean waves are far more complicated to work with theoretically than sinusoidal waves. 

Sinusoidal waves don’t show a random behavior, instead they are easy to determine in the 

future. Ocean waves on the other hand, don’t follow any pattern that can be exactly 

predetermined since they are products of many superimposed waves, all with different wave 
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parameters such as period, height and direction. In order to describe ocean waves some 

parameters are defined.  

 

3.1.1 Significant wave height 

 

The height of the waves is of interest when describing the sea. One problem is that this height, 

which is the vertical distance between the crest and the trough, varies quite a lot from wave to 

wave and therefore the parameter significant wave height was defined in order to more 

accurately be able to describe a sea state. An older definition of the significant wave height, 

known as H1/3, defines the significant wave height as the mean of the highest 1/3 of the waves 

[7]. Today significant wave height is often denoted Hs and is calculated from measured wave 

elevations and with the help of spectral moments [5].  

 

04 mH s =          (1) 

 

where m0 is the zero moment of the spectral density function described in section 3.2.  

 

3.1.2  Wave period 

 

The period of a sinus shaped wave is easy to determent since it is constant over time. When 

determining the period of an ocean wave one must first decide which period is of interest. In 

some fields the zero up-crossing periods, Tz, which gives the average time between two 

successive crossings in upward direction of a mean water level might be of most interest [8]. 

In this work however, the energy period is of most relevance and interest. The energy period, 

denoted Te, is calculated from spectral moments and can be defined as [5]: 

 

0

1

m
mTe

−=          (2) 
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3.1.3 Linear wave theory 

 

As mentioned, ocean waves are not as simple as sinusoidal waves to deal with theoretically, 

and hence, some assumptions will be needed. Assume two-dimensional waves traveling in the 

positive x-direction and that the amplitude of the waves is very small so that the surface can 

be seen as a plane, further neglect the viscosity and the ocean surface elevation can be written 

as [7].  

 

  )sin( tkxa ωη −=         (3) 

where: 

2/Ha = ,  
T

f ππω 22 == , 
λ
π2

=k   

 

The angular frequency,ω, and the wave number, k, are related to each other through the 

dispersion relation [5]: 

 

  )tanh(2 khgk=ω         (4) 

 

In equation 4, h is the water depth and g is the gravity factor. For large depths, the product kh 

will be very large causing tanh(kh) → 1. When looking at shallow water where h<<λ, the 

expression tanh(kh) in equation 4 can be approximated as kh, since kh <<1. Therefore the 

dispersion relation can be divided into two equations, one for deep water and one for shallow 

water.  

 

gk=2ω  Deep-water dispersion relation    (5) 

 

hgk 22 =ω  Shallow-water dispersion relation    (6) 

 

The speed of waves depends on the angular frequency and the wave number. Since they 

depend on each other differently in deep and shallow water, two velocity equations for the 

waves are needed. The phase velocity, which is the speed a particular phase propagates with, 

is defined as [7]: 
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k
c ω

≡           (7) 

 

Since the dispersion relation is different for deep and shallow water and the phase velocity 

depends on the angular frequency the expression for that velocity also varies for deep and 

shallow waters. With equations 5 and 6 plugged in to equation 7 the phase velocity is given 

by. 

 

ω
ω g

k
g

k
gk

k
c ====  Deep-water phase velocity   (8) 

 

gh
k

hgk
k

c ===
2ω  Shallow-water phase velocity   (9) 

 

If watching traveling waves very closely, it is possible to see wave trains, or a group of waves 

with crests and troughs, moving from beginning to end in the wave train. The group of waves 

has the velocity defined as in [7]. 

 

k
cg ∂

∂
=

ω          (10) 

 

Index g denotes the velocity of the group, which also corresponds to the propagation of wave 

energy [7]. As in the case of the phase velocity this expression also differs depending on if 

calculated for deep or shallow water. 

 

22
cgcg ==

ω
   Deep-water group velocity   (11) 

 

cghcg ==    Shallow-water group velocity   (12) 

 

Equation 11, states that a crest in a group of waves at deep water moves with twice the speed 

as the group. Actually, if a group of waves is studied it can be seen that crests appear at the 

back of the wave train and travels to the front where it disappears. From equation 12, the 

conclusion that the phenomena described above don’t take place in shallow water, can be 
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drawn. In fact, it should be noticed that the phase and group velocity equations for shallow 

water are independent of the waves i.e. it only depend on the depth. The conclusion drawn 

from this is that waves on shallow water are non-dispersive, meaning that the wave crests and 

the wave train propagate with the same speed. Further, it can be noticed that wave velocities 

on shallow water only depends on the water depth.  

 

If the motion of waves is examined, it can be seen that particles move in circular orbits at 

deep water. At the surface the diameter of this motion equals the wave height and it decreases 

with depth. At shallow water the particle motion orbits are elliptically shaped, see Figure 7 

and Figure 8.  
 

 

Figure 7: Particle motion in deep and shallow water. 

 

Figure 8: Orbital motion changes as the depth decreases.  

1. Direction of 
motion 

2. Crest 
3. Trough 
 
A. Deep water 
B.  Shallow water 
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When waves propagate into shallower water the orbital motion of the particles starts to 

change because the waves begin to feel the ocean floor.  

 

Where to draw the line for what is to be considered deep and shallow water is not clear. 

However, Steward H., [7], suggests that sites with depths greater than λ / 4, (h > λ / 4), is to 

be considered as deep waters and sites with depths smaller than λ / 11, (h < λ / 11), should be 

considered shallow waters. These limits are not definitive but will give a dispersion relation 

accurate within 10 % [7]. Other sources like Bernhoff H., [5], suggests that the limit for deep 

water is λ / 2, meaning that depth larger than λ / 2 are to be considered as deep. 

 

When looking at the dispersion relation at a depth of h = λ / 2 the product kh = π and 

tanh(kh) = 0,9963. From this, one can draw the conclusion that when the depth, h, is greater 

than λ / 2 the deep water relation is valid since equation 4 with tanh(kh) =1 equals equation 5 

i.e. the deep water dispersion relation. With this approach, half the wavelength can be seen as 

a limit for when to use the deep-water equations [5]. Clearly, when sites fulfill this 

requirement as a deep site (h > λ / 2) it also fulfills the requirement h > λ / 4.  

 

For the shallow water dispersion relation to be valid, the expression tanh(kh) should equal  kh, 

as mentioned above. This occurs at a depth of h = λ / 20 and sites with shallower water than 

this are to be considered as shallow. In between these limits the waves are sometimes called 

transitional waves or shoaling waves [7]. These waves have begun to be affected by the 

decreasing depth but are still not to be considered as shallow water waves. The interaction 

with the bottom surface causes the waves to lose energy [9], and therefore transport waves on 

shallow waters less power than waves on deep waters. An overview of the wave classification 

is given in Figure 9. Typical ocean wave wavelengths range from 50 to 100 m [7]. 
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Figure 9: Classification of waves. 

 

When waves propagate into shallower water the wave group velocity decreases, the period 

however, remains constant causing the wavelengths to decrease and the wave heights to 

increase [7].  

 

h < λ / 20 < h h < λ / 2 < h 

Increasing depth

Shallow 
water waves 

Transitional or 
shoaling waves  Deep water 

waves 



 

 17

 

3.1.4 Non-linear waves 

 

In the previous section about linear waves, the amplitude of the waves was assumed to be 

infinitely small. If it instead is assumed that the waves are of the nature that the product of the 

wave number and the amplitude, equation 3, is much smaller than one, ka << 1, the properties 

of a wave can be expanded in a power series of ka [7].  

 

...)(3cos
8
3)(2cos

2
1)cos( 322 +−+−+−= tkxaktkxkatkxa ωωωξ  (13) 

 

The equation above enables the use of a powerful tool named after the French scientist Joseph 

Fourier; The Fourier series and the Fourier transform.  
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3.2 Fourier and spectral analysis 

 

3.2.1 Fourier series and Fourier transform 

 

The Fourier series is a tool that can be used in order to analyze periodic functions. A complex 

periodic function can be broken down into series (Fourier series) of simpler sinusoidal 

functions. For a periodic function, f (t), with period, T, the Fourier series is defined as [10]: 
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and the coefficients, 
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In the case with the non-linear wave equation (eq. 13), the Fourier series become: 
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The Fourier transform, sometimes called the frequency function, is a tool used when the 

function examined is non-periodic. A non-periodic function cannot be analyzed with Fourier 

series since that tool requires a periodic function. The Fourier transform describes how a 

function can be divided in different frequencies in complex form [10]. The transformed 



 

 19

function is often referred to as the frequency domain representation of the original function. 

The Fourier transform of f (t) is [10]: 

 

∫
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For the wave equation the Fourier transform becomes: 
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3.2.2 Spectrum 

 

The frequency content of a signal is described by its spectrum or its spectral density function 

[11]. For a given signal the spectrum will show which frequencies of the signal that carries the 

most energy. A spectrum can be of different kinds, it can have infinite or finite amount of 

energy, it can be continuous or discrete in time but they all have the same definition. The 

definition of the spectrum for a signal is the square of the modulus, or the absolute value, of 

the Fourier transform [11]. 

 
2)()( ωω W=Φ         (18) 

 

Where W (ω) is the Fourier transform of the function ω(t). With Zn as the Fourier transform of 

the wave equation (eq. 13) the spectral density function can be written as: 

 
*)( nn ZZfS =          (19) 

 

The * symbolizes the conjugate of the complex number Zn. The spectral density function is 

useful since it gives the spectral moments that can generate the significant wave height and 

the energy period discussed earlier [5].  
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3.3 Ocean energy and energy absorption 

 

The total energy (potential and kinetic) per unit area is given by integrating the spectral 

density function, S(f), given by equation 19 [5].  

 

∫= dffSgEtot )(ρ         (21) 

 

In equation 21, ρ denotes the density. According to equation 20, with n=0, equation 21 can be 

written as [5]: 
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By multiplying S(f) with the wave group velocity and integrating, the power per meter wave 

front can be calculated. Equation 7 shows how the wave velocity depends on the frequency 

and rewriting the wave group velocity for deep water as: 
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With this the power per meter wave front becomes [5]: 
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This expression is valid for deep ocean waves. In equation 23 it can be seen that the power 

transport in the waves depends on the group velocity as suggested in section 3.1.3. If this 

expression is derived with linear theory the constant, k, is doubled [5].  
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3.3.1 Power absorption 

   

The ability of point absorber to capture power from the oncoming waves is referred to as the 

absorption width. The absorption width, here denoted w%, is a measure of how much of the 

per meter oncoming power one meter of a PA can absorb. In some literature absorption width 

is defined as a length with the unit meter, in this work however, the meaning of absorption 

width is always the percentage absorbed of a meter wave front. As an example a PA with a 

two-meter diameter with an absorption width of 10 % operating in a wave climate of 1 kW/m 

would capture 0.2 kW. The expression of absorbed power by the PA is:  

 

JDwP PAabs %=         (24) 

 

The absorption width depends on the shape of the PA. For a cylinder shaped buoy, as the one 

used in this work, an average absorption width of about 15 % can be expected, however, a 

more optimized PA can result a higher absorption. A limit for how much energy that can be 

absorbed by a PA is given by the inequality. 
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In this expression VPA is the volume of the PA. This inequality is sometimes referred to as the 

Falnes point absorber energy absorption, after the Norwegian professor Johannes Falnes.  
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3.4 Multi resolution analysis - MRA 

 

The basic thought behind MRA is to analyze signals at different frequencies with different 

resolution. The major application for MRA is image compression, but the theory can be 

applied in other fields. For low frequencies, MRA uses a wide window and hence giving a 

good frequency resolution and a poor time resolution. For high frequencies it is the other way 

around i.e. a narrow window is used which gives good time resolution but poor frequency 

resolution. Given a natural signal, for example an ocean wave recording, the low frequencies 

often are apparent throughout the entire measurement while high frequency components in 

most cases appear in shorter durations. A tool in order to do MRA is supplied by wavelets. To 

better explain wavelets and the restrictions implied with Fourier transforms, a short 

description of the windowed Fourier transform is first given. 

 

3.4.1 Short time Fourier transforms - STFT 

 

A shortcoming of the spectral density function generated from Fourier transformation is that 

the time-frequency dependence is lost. The spectral function describes the frequency content 

very well but no information about when in the time domain the frequencies occur is given. A 

way to go about this problem is to introduce a window function to the Fourier transform.  
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The function g(s-t) is the window function and F (ω, t) is the windowed Fourier transform or 

the short time Fourier transform (STFT) [12]. The term t indicates how the window function 

is shifted to a certain position (time) where one wishes to analyze the frequency locally. The 

problem with this function is that the window is of fixed width. The Fourier transform gives a 

good frequency resolution, and the basic Fourier transform corresponds to an STFT with 

infinite width and therefore a poor (non-existing) time resolution. A narrow window however, 

gives a good time resolution but a poor frequency resolution so working with STFT always 

implies a trade-off between frequency and time resolution. The trade-off between time and 
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frequency is a direct result from the Heisenberg uncertainty principle, which states that a 

particle does not simultaneously have a precise position and a precise momentum. For a signal 

this means that the signal does not have a precise location in time and a precise frequency, 

simultaneously [13].  

 

An alternative method instead of STFT and a way around the resolution trade off is the use of 

multiresolution analysis (MRA) and wavelet transformation.   

 

3.4.2 Wavelets 

 

Wavelet analysis is a quite new development compared to other mathematical tools. Wavelets 

have their origin in the early eighties. Because they can be applied in many areas of research 

they have grown quite popular. The mathematical theory behind wavelets is quite complex 

and this thesis has no intention to serve as a source for wavelet theory. Here the basic function 

of wavelets and sufficient theory will be given in order for the reader to follow the application 

of wavelets done in this thesis. The continuous wavelet transform (CWT) is defined as [14]: 
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where, 

∫
∞

∞−

= 0)( dttψ          (28) 

 

and f(t) is the signal to be analyzed. The definition of the CWT resembles the definition of the 

STFT. The difference lies in the window function, ψ(t).  

 

The function ψ(t) is often referred to as the mother wavelet and can be chosen differently 

depending on application. The mother wavelet is a function that can take different shapes but 

still it sort of resembles a wave. The most basic mother wavelet is the Haar wavelet and a 

slightly more advanced one is the Morlet wavelet, see Figure 10. A restriction on this base 

function to be able to serve as mother wavelet is that it is compact supported which means 

that the function value outside a given interval is zero 
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Figure 10: A: The Haar-wavelet. B: The Morlet wavelet. 

 

The mother wavelet is used to create a family of wavelets, ψ((t-b)/a), where a and b are real 

numbers [13]. The base function can be seen as a prototype that is used to build other window 

functions from, once the mother wavelet is chosen, the a and b parameters are varied in order 

to generate different window functions. The b parameter is called the translating parameter 

and corresponds to time in the transform domain. The displacement made with this parameter 

is very much similar to the parameter t in the STFT. The parameter a is the dilating parameter 

also referred to as the scale parameter which compresses and stretches the wavelet. The scale 

parameter corresponds to frequency through [12]:  

 

ω
βψ=a  where β depends on the choice of mother wavelet.  (29) 

 

This relationship states that high scales correspond to low frequencies and vice versa. The 

scaling parameter stretches or compresses the window function. Small scales give a narrow 

window function, which is used to analyze high frequencies, i.e. it gives a good time 

resolution. High scales give broad windows and are used to analyze low frequencies.  

 

  
        Time           Time 
 
 

A: Haar     B: Morlet 



 

 25

The base function used in this work is the Morlet wavelet seen in Figure 10, which is a 

suitable mother wavelet for time-frequency analysis [15]. The calculation is made for a 

predetermined depth or in other words a given interval of scales. Once the computation of the 

entire depth is made the function is shifted by b and the whole scale interval is calculated 

again. This procedure is repeated for every b until the CWT is completely calculated. Even 

though this is a continuous transform, this is made in a discrete way by a computer. In the 

case of computer calculations of the CWT the steps in a and b are made sufficiently small 

[16]. 

 

In order to explain the difference in time-frequency resolution between Fourier transforms 

and wavelet transforms Figure 11 might be of visual help. Figure 11 shows the time-

frequency breakdown for a discrete Fourier transformation with no time resolution but perfect 

frequency resolution and a wavelet transform. As seen in the figure below the wavelet 

transform breaks down the signal when analyzing high frequencies and uses the full signal 

when analyzing the low frequencies.  

 

 

Figure 11: Time-frequency decomposition of A: DFT and B: WT. 

  

A more thorough theoretical explanation of wavelets can be found in [14] and an easy-to-read 

Internet tutorial is given in [16].  
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3.5 Sampling 

 

When handling data, knowledge about how it is recorded is crucial. Lets assume that wave 

heights at a certain point out on the ocean are recorded during a time T, and that the wave 

heights are recorded with a sampling interval Δt, so that T = NΔt where N is the number of 

samples recorded during T. The data obtained from the measurements are a time discrete 

series of wave heights. When analyzing such data, the sampling theorem provides a powerful 

tool. The sampling theorem states that if a continuous function sampled at Δt is bandwidth 

limited to frequencies larger than the Nyquist critical frequency the continuous function is 

completely determined by its samples. The theorem also states that for a function that is not 

bandwidth limited the power spectral density that lies outside the frequency range set by the 

Nyquist frequency is moved into that range, causing false information about the continuous 

function. This phenomenon is caused by the sampling itself and is called aliasing. The 

Nyquist critical frequency is defined as [7]:  

 

t
N y Δ

≡
2
1          (30) 

 

This means that the sampled signal will be sampled twice as fast as the Nyquist frequency. 

The Nyquist frequency range is then [-Ny: Ny] and a function that satisfies as a bandwidth 

limited function is F (nf) = 0 for all nf outside [-Ny: Ny]. The aliasing arises from the fact that 

when sampling a signal one has no idea of how the signal looks in between the sampled 

points. All frequencies faster than the Nyquist frequency can be understood as, or not 

separated from, a slower frequency that actually belongs to the frequency range [17]. A wave 

climate recorded as suggested above would contain information about the waves that satisfy 

[7]: 
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11  , where f is the frequency of the waves.   (31) 

 

An explaining example is given below.  
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Assume eleven samples of data, x, ranging from 0 to 2π, x = [0: 2π/10: 2π]. If y = cos(x) is 

plotted it looks like a cosine function. If instead y = cos(10x) is plotted, the periodic manner 

of the function is somehow lost and a straight line at y = 1 appears. This is because the 

function now manage to complete one period within the sampling period resulting, in this 

case, in that every value of x gives y =1.  

 

What happens if y = cos(6x) is plotted? Well, the curve plotted looks exactly as the one for 

y = cos(4x). What has occurred is aliasing, since the Nyquist frequency (5/2π) is exactly in the 

between the frequencies for cos(6x) and cos(4x) they look alike. Functions with higher 

frequency than the Nyquist frequency will mirror at the Nyquist limit and be reflected as its 

“mirror function”. The function y = cos(7x) would appear as y = cos(3x) etc since the highest 

frequency function that satisfies the Nyquist criterion is y = cos(5x).  
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3.6 Wind and wind power theory 

 

Since this work aims to compare wave power to wind power in some extent, some words 

about wind properties and wind power are called for.  

 

The wind power calculations done in this thesis are of very basic nature. The produced power 

from a wind power turbine of course depends on the wind characteristics at the turbine site. A 

relationship between the wind speed, U, and the power content in the wind is given by [18]. 

 

3

2
1 UAP cswind ρ=         (32) 

 

Acs represents the cross section area of interest and ρ is the density of the fluid, which in this 

case of course is air.  

 

The electrical power production for a certain wind turbine is most often described by the 

power curve for that turbine. Figure 12 shows the power curve for a Vestas V80 2.0 MW 

wind turbine. The reason this turbine manufacture and model was chosen is simply because it 

is the type of wind turbine used at the site where the wind data used in this work was 

recorded. This particular turbine cuts-in at wind speed 4 m/s, reaches rated power at 15 m/s 

and shuts down at 25 m/s (cut-out). This means that for wind velocities lower than 4 m/s and 

greater than 25 m/s no electricity is produced. Also, from 15 m/s to 25 m/s this particular 

turbine runs on full power. 
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Figure 12: Vestas V80 2.0 MW Power curve. Courtesy of Vestas A/S. 
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4 Method 
 

The project is based on wave data received from the division for electricity and lightning 

research at Uppsala University and wave and wind data from Vattenfall AB. The data and its 

origin are discussed further under the heading of data and data recording location, section 5.  

 

4.1 Wave climates 

 

Measured data may contain errors or inconsistencies that can disturb the model/analysis. All 

data must therefore be analyzed before they are used. The wave climates, or the power 

transport by the waves, are calculated through equation 23. Knowledge about the site 

properties and prerequisites is crucial and therefore statistical methods are used to process the 

data content in order to give the reader a compact overview of the characteristics of the 

waves. The data are sorted into bins of wave heights and energy periods and presented in 

scatter diagrams in Appendix 1. The wave climates from Horns rev and Islandsberg are 

compared to other wave climates to give a view of how these sites compare as potential wave 

energy conversion locations.  

 

4.2 Base load properties 

 

The object is to study wave power base load properties and in order to do that a model is 

needed. The model in this work is very simple. No assumptions on efficiencies on the 

generator, on the power transmissions etc are made. The assumptions in this work mainly 

concern the buoy, its absorption width and the device rated power level. The output of the 

WEC is modelled with equation 24. This equation gives the power absorption by the buoy, to 

this equation some restrictions, as a cut-in level and a rated power, are added in order for the 

model to better describe a WEC. The wind power generation is modelled with a power curve 

made on the pattern of a Vestas V80 2.0 MW turbine seen in Figure 12.  

 

The base load properties can be difficult to present in a short and effective manner, the 

utilization factor is a good measure of how the energy conversion technique is optimized in 

respect to its energy source and it is defined as [5]:  
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Utilization factor = Annual energy production / (Rated power * Hours of a year) 
 
 
However, the utilization factor doesn’t show how the electrical generation varies in time and 

this is a part of the aim when studying base load properties. The modelled power generation 

from wind and wave are plotted together in the same window so that a comparison of the 

characteristics can be made.  

 

As an attempt to make the differences in generation from winds and waves more clearly and 

to examine wind and wave co-production, scenarios in which wind and wave power act 

together are made up. The scenarios may not be realistic, that is not their purpose, but they 

serves as tools to visualize the differences. 

 

4.3 The wavelet approach 

 

Further, the use of wavelet transform as an alternative to Fourier based calculations is shortly 

investigated. This implies a choice of mother wavelet and a scale interval.  

 

All calculations and modeling in this thesis are made in The MathWorks MATLAB™ except 

some minor modifications on the scatter diagrams done in Microsoft Excel™. The 

MathWorks Inc offers a MATLAB toolbox for signal analysis using wavelet technique, The 

Wavelet Toolbox 4.1, including a graphical interface and command line functions. This 

toolbox has been used for the wavelet transformation. 
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5 Data and data recording location description 
 

This section will describe the received data and present the properties of the sites where they 

were recorded as well as some interesting sites nearby.  

 

5.1 Received data  

 

5.1.1 Islandsberg 

 

A part of this work depends upon supplied wave data from a research team at the division for 

electricity and lightning research at Uppsala University. The data was recorded at Islandsberg 

outside Lysekil on the Swedish west coast by a Waverider buoy and consists of wave heights 

measured 4608 times every 30 minutes i.e. sampled with 2.56 Hz or a sampling interval, Δt = 

0.3906 s. The data range from 2005 to 2007. For the wave climate matrixes below, only the 

data for 2005 and 2006 are used since the data from 2007 only range over four month. The 

2005 data range from March to the end of 2005 with exception for September 2005, which is 

missing. The 2006 wave data range from the first of January to the end of August. This data 

has primarily been used in the wavelet analysis. 

 

5.1.2 Horns rev 

 

Another set of data was supplied by Vattenfall AB and consists of wave data and wind data 

recorded at Horns rev located 20 km off the west coast of the Danish peninsula Jutland. Horns 

rev is the world’s largest wind power farm and is co-owned by Swedish utility Vattenfall AB 

and Danish utility DONG Energy with a share hold of 60 % and 40 % respectively [18]. The 

wave data was recorded with a wave measuring buoy and the wind velocities was recorded 

with an anemometer. The data was received as processed data; the wave data was supplied as 

30 minutes averages of significant wave heights and energy periods and the wind data as ten 

minutes averages of wind speeds. The data from Horns rev was recorded in 2001, 2002 and 

2003. The wave data from 2001 consists of recordings from January and from June to the last 

day of December 2001, i.e. the spring of 2001 is missing. The wave data of 2002 and 2003 is 
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complete sets of recordings on the form described above for every month of the year. In the 

wind data no months or parts are missing.  

 

The approximate geographical location of the two sites is mark with red dots in the map 

below.  

 

Figure 13: Approximate location of Horns rev and Islandsberg. 

 

A very important fact that one should keep in mind is that Horns rev is a wind power farm and 

this implies that this location was chosen for its good wind power prerequisites e.g. good 

average wind speeds and fairly shallow water, depth in the range of 6-14 meters according to 

[19] or 6.5-10.3 meters according to [3]. 
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5.2 Nearby waters  

 

A comparison of wave climates in [20] shows large differences in the wave energy transport 

within the North Sea. The approximate location of Horns rev is marked with a red dot in 

Figure 14 and a site investigated in [20] is marked with a black square. The site investigated 

in [20] is located 100 km of the Danish west coast and it is fair to assume similar wind 

conditions at this location as at Horns rev. With similar wind conditions the only thing really 

different at these two sites is the water 

depth. The depth at the site investigated in 

[20] is 31 m and the mean annual wave 

energy transport is 12 kW/m which is 

about 3 to 4 times more than at Horns rev.  

 

Close to Horns rev, a new offshore wind 

farm (Horns rev 2) is planned. The 

approximate location of this site is marked 

with a black cross in Figure 14. The water 

depth at Horns rev 2 is between 9 and 

17 meters [21].  

 

 

 

Figure 14: Approximate location of Horns rev 1, 
Horns rev 2 and point 2 in [20]. 
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6 Implementation 
 

6.1 Data preparation  

 

The eventual data inconsistencies and errors, such as for example outliers, are first analyzed. 

An outlier is a sample value that drastically stands out from the other values i.e. it is many 

time higher or lower and not realistic in the content. As an example did the wave data from 

Horns rev contain a 70-meter significant wave height sample, which is not to be considered as 

realistic. An algorithm for searching and removing of such samples was therefore written. 

Instead of an outlier the mean of the two previous and the two following samples is plugged 

into the time series at the outlier position. The limit for what in this work is regarded as an 

outlier is if the sample value differs more from the mean than three standard deviations.  

 

6.2 Wave climates and statistical presentation  

 

In order to compare the two sites, the raw wave data supplied by Uppsala University is 

processed into significant wave heights and energy periods. This is done through Fourier 

transformation generated spectral functions as described in the theory section. The resulting 

significant wave heights and energy periods are divided into bins and presented in scatter 

diagrams. The data from Horns rev were supplied as significant wave heights and energy 

periods and these are also sorted into bins in the same manner as the Uppsala data. The 

resulting scatter diagrams have been given a finishing touch in Microsoft Excel™ for aesthetic 

reasons. The wave climates at the two sites are calculated through equation 23.  

6.2.1 Deep and shallow waters 

 

Calculation of the wave climates implies that the site has to be considered as deep or shallow. 

Horns rev has depths between 6 –14 meters, and unfortunately, the exact depth at the 

recording site is not known to the author at this point. The depth is therefore assumed to be 10 

meters. There is not a definitive limit for what should be considered as deep and shallow 

water. With the deep water dispersion relation, the mean wavelengths 2002 and 2003 are 27.5 

and 27 meters respectively. The limit for deep water is h > λ / 2 and Horns rev, with the 
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assumed depth of 10 meters, doesn’t satisfy this inequity. However, if the shallow water 

dispersion relation, is used the wavelengths become 36.5 and 36.2 meters for the same years 

and clearly, the shallow water inequity (h < λ / 20) is not satisfied either. The waves at Horns 

rev are in between these limits and what can be called transitional or shoaling waves.  

 

In [7], Steward H. suggest that the limit h > λ / 4 can be used for when to use the deep water 

dispersion relation, and that h < λ / 11 is the limit for the shallow water dispersion relation. 

Both these limits will give a dispersion relation accurate within 10 % [7]. With the limits 

suggested by Steward H, Horns rev satisfies the deep-water inequity but not the shallow water 

inequity and hence, in this work, Horns rev is considered as a deep-water site. However, as 

mentioned in Section 3.1.3, typical ocean wavelengths are in the range of 50 -100 meters and 

as waves propagate into shallower water, the wavelengths decrease. The wavelengths at 

Horns rev are shorter than the typical, and this indicates that the waves at this site are affected 

by interactions with the ocean floor i.e. they lose energy.  

 

6.3 Base load properties modeling 

 

To give a representative view of the base load properties the modelled device should be 

optimized for the conditions it is designed to operate in. This has caused some problems when 

it comes to assuming different properties of the WEC. The device is assumed to have a cut-in 

level at a wave climate of 0.5 kW/m since it is not reasonable to assume that small waves 

would generate as much heaving motion of the buoy for it to be able to run the generator. 

There is no assumption made on a cut-out level, this is a restriction since it is not reasonable 

to believe that the WEC would produce power in extreme wave climates. In cases of really 

high waves, the waves would wash over the buoy and create a water load on top of it. How 

this would affect the power production is hard to make assumptions about. The top level for 

production is the rated power. When the captured power by the buoy reaches the full power 

level, this level is the modelled magnitude of produced power regardless of how much more 

energy the waves transport i.e. it doesn’t cut-out.  

 

The obvious way to set the rated power level in the model is to use the same as for an existing 

device. A part of the objective was to compare wave power to wind power and investigate to 

which extent generation from winds and waves coincide. However, to compare a WEC with a 

high rated power level in relation to the wave climate, with wind power, would more or less 
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be meaningless since the WEC wouldn’t have the proper prerequisites. The approach chosen 

here was to study and compare wave power properties to wind power properties with the 

WEC rated power set so that the modelled wave power and wind power gives the same 

utilization factor, i.e. same amount of full load hours per year. A situation like this, with equal 

amount of annual full load hours, is however unlikely to arise. With this assumption a 

restriction is introduced in the analysis since wave power and wind power cannot generate 

different magnitude energy production on a yearly basis. Another result of the assumption is 

that the annual up-time, or the time wave power produces power on a yearly basis, cannot be 

studied since it is set by the wind power production. The way power is produced i.e. how the 

generation varies over time can on the other hand be investigated.  

 

The assumptions made on the WEC in order to model the base load properties are: 

 
Absorption width:   20 % 
Buoy diameter:  4 m 
Rated power:   Set in order for wind and wave to show the same utilization 

 

Table 1: Model assumptions 

 

Since the wave data consists of 30-minutes averages and the wind data consists of 10-minutes 

averages, the wave data series consists of less data points than the wind data. This sets the 

limit for at which resolution the production properties can be studied together. The scenarios 

of co-production from the two techniques in section 7.3 have in other words a 30-minutes 

resolution, and this should be sufficient for the desired aim. The way this analysis is 

performed is that a MATLAB M-file matches a date string of the wave data and the wind data 

and uses these data points for calculation of the expected power output. This is done partly 

because the properties should be studied for the same time point, but also since the wave data 

is somewhat inconsistent. Unfortunately some wave data points are missing and if this wasn’t 

corrected for the time series would shift and the proper expected time delay for the wind-

generated waves compared to the wind would be disturbed which would disturb the co-

production analysis. 

 

In the base load properties analysis in Section 7.2, the output for wind power is modelled with 

the full data sets, i.e. with 10-minutes resolution, and wave power with 30-minutes resolution.  
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6.4 Wavelet transformation  

 

For the wavelet transformation, the raw wave data from Uppsala University serves as input. 

As the base function or mother wavelet, the Morlet wavelet is chosen. This is a base function 

well suited for time-frequency analysis [15]. An algorithm for investigating the maximum 

scale that can be investigated is provided by the toolbox. After investigating the scale depth, 

the transformation is carried out and the spectral function is plotted. The spectral function 

serves as output from this time-frequency investigation.  
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7 Results and discussion 
 

In this section the results will be presented and discussed. The section is divided into 

subsections of wave climates, base load properties, co-production and the wavelet approach. 

Every subsection starts with a presentation of the results concerning that part and follows by a 

discussion of the results.  

7.1 Wave climates 

7.1.1 Wave climates – Results 

 

A comparison of the wave climates is presented in Appendix 1. Below, the resulting mean 

oncoming power in the waves is presented.  

 

 

 

 

 

 

 

Table 2: Average power in the data sets. A: Islandsberg. B: Horns rev. 

 

Notice: In Table 2 the wave climates for both Islandsberg and Horns rev are calculated as if 

they are deep-water sites, section 6.2.1 discusses this more in detail. Further, some of the 

data sets presented in Table 2 do not contain data for a whole year, how this influences the 

results is discussed below in Section 7.1.2.1. 

7.1.2 Wave climates - Discussion 

 

The wave climate was calculated for different years and should not be compared in order of 

magnitude because of yearly variations, but when comparing the scatter diagrams in 

Appendix 1, it is evident that the majority of waves at the two sites are of slightly different 

nature.  

 

A. Islandsberg 
 

Year Data set average power [kW/m] 

2005 2,1 

2006 1,4 
 

B. Horns rev 
 

Year Data set average power [kW/m] 

2001 3,5 

2002 2,9 

2003 2,8 
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Compared to Islandsberg, the wave climate at Horns rev seems to be of waves with somewhat 

shorter energy periods. The predominantly part of oncoming waves at Horns rev have periods 

in the range of 2-3 seconds to 4-5 seconds while the majority of waves at Islandsberg have 

periods ranging from 3-4 seconds to 5-6 seconds. The significant wave heights also seem to 

differ somewhat between the two sites. The cells highlighted with green in Appendix 1 

indicate what height range that is the most common in each data set. At Horns rev the wave 

height range is between 0.5-1.5 meters while at Islandsberg most of the waves are sorted in 

the wave height range of 0-1 meters. The wave climate at Horns rev appears to be rougher in 

general than the climate at Islandsberg.  

 

The previous study on co-production at Horns rev, [3], reports an average 6 kW/m wave 

climate at Horns rev. The data behind that result stems from different years than the data used 

in this work. Further, the calculations behind the 6 kW/m wave climate are based on scatter 

diagrams in which data has been sorted into ranges of significant wave heights and zero up-

crossing periods and this implies some uncertainty to the result. This scatter diagram is 

presented in [22] together with a table of monthly average wind and wave conditions at Horns 

rev ranging from September 1999 to December 2001. On a monthly basis, the results on the 

wave climate at Horns rev in this work are in good agreement with the result presented in the 

table in [22], with exception for three month. The average power transport in December 1999, 

January 2000 and February 2000 are much higher (up to 15 kW/m) than in the others months, 

during these months wind velocities up to 44.1 m/s was reported at Horns rev [22]. 

 

7.1.2.1 Data significance 
 

Some of the data shows inconsistency over a whole year. For example; the 2006 wave data 

supplied by Uppsala University doesn’t contain the autumn and early winter of 2006 and this 

affects the analysis. This particular set of data has a greater part of summer month compared 

to other data sets. The wave climate is somewhat season dependent as indicated in the figures 

below. The wave climate is calculated through equation 23, higher periods and wave heights 

generate more power dense climates. From Figure 15 and Figure 16 the conclusion that the 

wave climate is rougher during winters can be drawn. A larger part of summer month would 

give the impression of a calmer wave climate since the wave climate tends to be less power 

dense during summers. This is most likely the reason why the average wave climate is much 

lower for Islandsberg 2006 than 2005. There is some inconsistency in the data recorded at 

Horns rev as well; in the data series from 2001, the spring is missing causing this data set to 
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show a rougher wave climate than it perhaps should since the months with harder wave 

climates are over represented.  

 
Figure 15: Energy period 2002 at Horns rev. 

 

Figure 16: Significant wave height 2002 at Horns rev. 

 

To be clear, Figure 15 and Figure 16 range from the first of January to the end of December. 

From the figure above it is seen that wave climate is season dependent, and obviously, this 

affects the results presented in Table 2 and the results in the scatter diagrams in Appendix 1. 
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In Table 2, 2005 gives a better view of the wave climate at Islandsberg than 2006 and 2002 

and 2003 should be considered better values than 2001 for describing the wave climate at 

Horns rev. Most of the following analysis on Horns rev is made with the 2002 and 2003 wind 

and wave data for the reasons given above.  

 

According to SMHI (Statens Meteorologiska och Hydrologiska Institut), the Swedish 

meteorology and hydrology agency, the years analyzed in this thesis are with respect to the 

power content in the wind to be considered normal [23]. The given information stems from 

wind measurements at Falsterbo in the very south of Sweden and Måseskär on the Swedish 

west coast. It is fair to assume that significant variations of the wind climate at Horns rev also 

would show on measurements at these locations. Unfortunately, no information of how 

representative the wave climates are was given. 

 

7.1.2.2 Deep and shallow waters – Discussion  
 

As previously mentioned, the waves at Horns rev are higher than at Islandsberg. The depth at 

Islandsberg is about 25 m compared to the 6-14 m at Horns rev and this difference in depth 

could explain the higher waves at Horns rev. As mentioned in Section 6.2.1 the wavelengths 

become shorter as the waves travel into shallower water. The shorter wavelengths pack the 

wave crests closer together causing the waves to become higher and steeper.  

 

However, even if Horns rev here is considered as a deep-water site it is a fairly shallow site 

and this implies more activity on the ocean floor. Figure 8 shows that as the depth decreases, 

the erosion of the bottom increases. For a device resting on the ocean floor, the erosion results 

in an increased risk of device damage. A certain depth should therefore be a key parameter for 

potential wave power sites.  
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7.1.2.3 Nearby waters - Discussion 
 

The wave climates at the two sites investigated within this project are of moderate nature 

compared to other Nordic waters [20]. Islandsberg is a test site for Uppsala University and 

Horns rev is chosen as a wind power farm for its good wind power conditions. None of these 

two sites are chosen because they show potential for large-scale commercial wave energy 

utilization. Of the coast of Norway for example, there are several sites with promising wave 

power potential where the average wave climate is several times higher than Horns rev and 

Islandsberg according to [24].  

 

The comparison of wave climates within the North Sea in [20] presents a site (Figure 14) 

100 km of the Danish west coast with a mean annual wave energy transport of 12 kW/m. This 

site has better prerequisites for wave energy conversion than Horns rev and would allow a 

higher rated power device or higher utilization factor or a combination of both. The drawback 

is of course the longer distance to shore, which implies a more expensive grid connection.  

 

Utilizing a site, with an already existing electric transmission system, for wave energy 

conversion, could cut costs given that the transmission system has free capacity. A site that 

could be interesting for co-location of wave and wind power is Horns rev 2, the planned wind 

farm discussed in Section 5.2. This site is close to Horns rev but at deeper water, which 

implies that the prerequisites for wave power would be better.  

 

To summarize the discussion of the wave climates: 

 

• Moderate wave climates. 

• Sites not chosen for commercial wave power. 

• Better prerequisites for commercial wave power close by. 

• Erosion due to shallow water could cause problems for devices resting on the ocean 

floor. 
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7.2 Base load properties 

 

An important comment, which the reader should have in mind, is that the results presented are 

valid for Horns rev during the years investigated with the model used here. A wave climate 

with higher power flux would for example open up for modeling of a higher rated power 

device and the cut-in level discussed below would not interfere as frequently.  

 

7.2.1 Base load properties – Results 

 

All charts and diagrams presented here are normalized with the full power. The following 

analysis is made with the parameter setup given by Table 1 in section 6.3. Figure 17 shows 

the modelled base load properties for wind and wave power for four different months of 2003. 

The results presented below are valid for this location and with this model.  
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Figure 17: Modelled wind power and wave power base load properties four characteristic months in 2003 

at Horns rev.  

 

The four months shown in Figure 17 are chosen because they represent typical months in the 

different seasons. The assumption of equal amount of full load hours for wind and wave 

power results in that if an integral over a year is calculated for each curve, the result from both 

integrals will be the same. The average time wave power continues to run at rated power after 

wind power drops from full production due to lower wind velocities is 4 hours in 2002 and 

4.6 hours in 2003. 

 

7.2.2 Base load properties – Discussion 

 

The red wind power curve clearly displays a more intermittent character than the blue wave 

power curve, but they are strongly correlated. The strong correlation depends on the fact that 

the waves are wind-generated i.e. higher wind speeds creates higher power sea states waves. 

Even if wave power shows intermittency, the magnitude of the variations are moderate 

compared to the wind power variations.   
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Also, the expected time delay can be seen. The average time wave power continues to run at 

rated power after wind power drops from full production, due to lower wind velocities, is 

4 hours in 2002 and 4.6 hours in 2003. This is an interesting outcome, meaning that wave 

power continues to deliver at full power some 4 hours when wind power decreases. This 

result indicates that wave power would decrease the zero production time in a wind and wave 

power co-production system. The time delay reported in the previous study is 3-6 hours. That 

time delay however, expresses for how long wave power continues, not at any specific level, 

to produce after the wind suddenly dies.  

 

The results indicate that wave power would be able to increase stability to the power 

generation in a joint system, however, the peak production level of such a system would of 

course be higher which results in that variations can be higher, if the transmission system 

would allow that. But still, the occasions with zero production would decrease due to the time 

delay. Another factor increasing the stability is the occasions where wind power shuts down 

due to the cut-out but wave power still delivers. This seems to be the case in mid-December in 

Figure 17.   

 

In the Nordic countries the consumption of power is larger in the colder and darker months 

than in the warmer and brighter spring and summer months. Figure 17 shows that the output 

from wave power coincides with consumption in the sense that wave power delivers more 

during the autumn and the winter than during the warmer seasons. This property, the 

correlation with load, is of course a nice feature with wave power that indeed also wind power 

shows. 

 

7.2.2.1 Discussions of model assumptions 
 

The modelled wave farm is under the restriction that the wave power utilization factor is the 

same as for the modelled wind power. The utilization factor for the modelled wind power 

varies for different years, and because of that, the WEC is modelled with different rated 

power for different years. As pointed out earlier a cut-in level is set to 0.5 kW/m and no cut-

out is modelled. Further, the choice of rated power can be discussed; the harder the wave 

climate is where the WEC is supposed to operate, the higher rated power. A more powerful 

wave climate calls for a higher rated power and a more durable device, which in turn imply 
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more expensive constructions. The WEC size should be optimized to generate as much power 

(financial income) for as small investment as possible.  

 

In order to make a somewhat fair comparison between wind and wave power, the choice of 

modeling them with the same amount of full load hours over a year was made. In Appendix 2 

the utilization factor for wave and wind power is depicted on a monthly and annual basis. The 

modelled wind power ends up with a utilization factor of 52% year 2002 and 46 % year 2003 

at Horns rev. The utilization factor for 2002 is a very high percentage in this context but the 

one for 2003 is in rather good agreement with the 43 % utilization factor given in [3] for 

Horns rev and with the one expected from Vattenfall, which is 43 % calculated from data in 

[19]. Compared to the utilization factor for offshore wind power given in [25] the utilization 

factor used here is around 10 - 15 % higher. The difference between the modelled utilization 

factor here, and the utilization factor for offshore wind given in [25] could be explained by the 

fact that the utilization factor used in this work is strictly theoretical, meaning that no 

consideration of production down time due to maintenance, eventual breakdowns, 

transmission efficiencies etc. has been taken. Clearly consideration of such parameters would 

bring the wind and wave power utilization factor down. Since the utilization factors here are 

assumed to be the same for wind and wave power, no analysis on annual production time, 

total energy production etc. can be made. However, the characteristics of the generation from 

the two techniques can be studied and compared.  

 

From the duration curves in Appendix 2 one can see how the cut-in affects the modelled wave 

power. The cut-in levels for the two energy conversion techniques are somewhat different. 

When the wind speeds reaches the wind power cut-in, wind power starts to produce at low 

magnitude compared to its rated power. Wave power, as modelled here, starts to produce at a 

higher level compared to its rated power since this rating is rather low, due to the moderate 

wave climate. This results in the steps at the ends of the wave power duration curves in 

Appendix 2. 

 

Wave power appears from the depicted utilization factors in Appendix 2 to have a stronger 

seasonal dependence than wind power, which also displays variations on the seasonal basis. 

The seasonal dependence for wave power is directly connected to the variations in wave 

climate, which varies over seasons as indicated in Figure 15 and Figure 16. Higher waves and 

longer periods generate higher wave energy transport, equation 23. 
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The absorption width is set to 20 % which might be a bit to high for a cylindrical buoy but 

reasonable to expect from a more optimized PA. However, this assumption has not a great 

relevance since the assumption of equal amount of full load hours determines much of the 

WEC properties. Further, the assumption of a 4-meter diameter buoy is based on calculations 

in [5]. 

 

To summarize the discussion on base load properties; 

 

• The results are valid for the years examined at Horns rev with the models used and the 

assumptions made in this project.  

• Wave power displays a more stable power generation than wind power. Wind power 

displays more sudden variations.  

• Wave power continues to run at rated power some 4 hours after wind power output 

drops.  

• Both wind and wave power shows good correlation to load (power consumption) on 

seasonal basis.  
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7.3 Co-production  

 

In order to further study the interplay of wind and wave, two different more or less realistic 

scenarios have been studied in order to analyze the base load properties from a different point 

of view. The scenarios also aim to investigate wave power as an option of additional power 

installation, instead of more wind power, in an offshore wind farm. 

 

7.3.1 Scenario 1 

 

Scenario 1 compares wave power to wind power as additional installation of power in a grid 

connected wind power farm. The system investigated has some specific properties: 

 

• The maximum transmission capacity is equal to the rated power of the wind farm 

without additional installation  

• The existing wind installation, prior to the additional installation, has priority in the 

transmission system.  

  

When the original wind farm delivers power at rated power, the produced power from the 

additional installations goes to waste. The additional installation is made step wise to that 

point were the rated power for the whole system is doubled i.e. at the point where 100 % of 

additional power is installed the rated power for the whole system is twice the transmission 

capacity.  
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7.3.1.1 Scenario 1 - Results 
 

Figure 18: Used wind and wave power under scenario restrictions given above. 

 

In Figure 18 the amount of additional produced power that would be transmitted in the 

transmission system is plotted. Wave power, as additional installation, manages to better 

utilize the vacant transmission capacity, when the original wind power do not produce at rated 

power, than the additional wind power.  

 

7.3.1.2 Scenario 1 - Discussion 

 

Figure 18 presents wave power as a better option as additional power installation than wind 

power because wave power manages to deliver a larger portion of its production in a under 

dimensioned transmission system as this one. The two wave power curves seem almost 

parallel to the two wind power curves and this is probably a result of the time delay wave 

power displays compared to the original wind power.  
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7.3.2 Scenario 2 

 

The second scenario is somewhat similar to the first and compares two cases. This scenario 

picks up where scenario 1 stopped i.e. with a full additional power installation. The original 

wind power still has priority in the transmission system. The two cases are:  

 

• One installed unit of wind power and one installed unit of wave power 

• Two installed units of wind power.  

 

In both cases the transmission capacity is increased to that point where two units of power can 

be transmitted i.e. the full installation, original and additional. Both cases start with a 

transmission system capable of transmitting one unit of power.  

 

7.3.2.1 Scenario 2 – Results  
 

 

Figure 19: Used wind and wave power under scenario restrictions given above. 

  

To be clear, the starting point in Figure 19 is the same point Figure 18 ends with i.e. a full 

additional power installation. 
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7.3.2.2 Scenario 2 – Discussion 
 

The results indicate that wave power would be a better choice of additional power generation 

since wave power is able to transmit more of its production.  

 

These scenarios don’t take into account that wind and wave power can, and probably will, 

show differences in utilization factor since the utilization factor is assumed to be equal and 

this is a restriction important to keep in mind.  

 

7.3.3 Co-production - discussion 

 

To combine wind generation with wave generation seems from a base load perspective 

beneficial, compared to additional installation of wind power, and there are more advantages 

with combining but also some drawbacks. From a base load perspective however, the location 

of wind and wave power doesn’t necessary need to be the same, since they still can share a 

grid connection point.  

 

The perhaps most evident advantage with co-location is the opportunity to use a joint 

transmission system which cuts investment costs. Further, operation and maintenance (O&M) 

costs could be cut since wave and wind power service could be integrated with each other, if 

located fairly close together. If wave power is considered at an already utilized site like for 

example Horns rev or any other offshore wind farm, much of the work with permits and EIAs 

(Environmental Impact Assessment) are already done. This would speed up the construction 

process since it can be a time demanding process, in which several studies on for example 

biological impacts and public acceptability must be done, to be granted the required permits in 

order to start the construction. Offshore wind power sites are often locations with shallow 

water because that simplifies the constructions and keep the wind power foundation costs to a 

minimum. This is a drawback when considering wave power installation at a wind farm site 

since the waves looses power when traveling into shallower water. Furthermore, the wind 

turbine foundations would act as obstacles for the waves and shadow the PAs at certain times. 

Pros and cons with co-production listed; 
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Pros: 

• Higher utilization of electric infrastructure due to higher production up time.  

• Possibility to cut O&M costs.  

• Lesser work with permits if wave power would be installed at already existing wind 

site. 

Cons: 

• Wind power sites not always suitable for wave energy conversion often due to 

shallow water. 

• Wind power foundations would shadow PAs.  

 

However, studies like [24] discuss to take offshore wind power to greater depths, which 

would be beneficial for co-location. The time without wave power production due to low 

power fluxes, i.e. lower than the cut-in level, would for example decrease. Point 2 in [20], 

which is presented in Figure 14 and Appendix 1, offers a wave climate which would decrease 

the zero production time with around a factor 2, compared to Horns rev.  

 

For this example, calculations on the scatter diagrams in Appendix 1 were performed. Since 

the zero up-crossing periods are given in the scatter diagram for point 2 in [20] these periods 

were scaled up a factor 1.2 to represent approximated energy periods. The factor 1.2 is a result 

of calculations based on Tabel A.2 in [20], which lists wave parameter relations.  

 

As an interesting example of how offshore wind power is considered on deeper water, the 

planned wind farm Dan Tysk can be mentioned; this site is located 65 km off the German 

North Sea coast and has a water depth up to 31 meters [26].  
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7.4 The wavelet approach 

 

This section will discuss the use of Fourier transforms for describing a sea state. The wavelet 

approach enables a more dynamic analyze due to the time-frequency decomposition method 

described in the theory section. A typical Fourier generated spectral density function is 

presented below.  
 

 

Figure 20: Fourier generated spectral density function 

 

From this function the significant wave height and the energy period is calculated as 

described in the theory section. This is a function of data ranging over 30 minutes and 

therefore this spectral density function is valid over this range. This means that when working 

with wave heights and periods generated in this manner the assumption that there is a steady 

sea state over the time interval has been made. Wavelet transform offers an alternative 

approach with which no assumption of a steady sea state has to be made. The spectral 

function for the same time interval as in Figure 20 is presented in Figure 21.  
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Figure 21: Wavelet generated spectral function. 

 

As mentioned in the theory section, the frequency is the inverse of the scale multiplied with a 

constant depending on which base function is used, i.e. f = constant (mother wavelet) / scale. 

When the Fourier transform shows a perfect frequency resolution, the wavelet approach gives 

different frequency resolution for different parts of the spectrum. Low frequencies have good 

frequency resolution but poor time resolution and vice versa for high frequencies. Explained 

easily, it can be said that every sample has its own spectral density function resulting in a 

more dynamic description of the sea state. In Figure 21 the main frequency component seems 

to be more or less in the same range throughout the time interval but at the same time it is 

clear that the signal contains more of that frequency interval at certain times, the density of 

certain frequencies is higher occasionally in the data set. It is the integral of the spectral 

function that gives the spectral moments that generates the significant wave heights and the 

energy periods. From Figure 21 it is quite evident that different time points would generate 

different answers to that integral. However, when analyzing base load properties on an hourly 

basis, fluctuations on minute or second level is not of main interest. The wavelet approach 

could show to be interesting when studying sudden variations of for example forces acting on 

parts of a WEC. 
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7.5 Suggestion for further work 

 

The wave climates at Horns rev and Islandsberg are moderate compared to other wave 

climates not far away from these sites. It should be interesting to see wave power base load 

properties for a wave climate more suitable for commercial wave energy conversion. It could 

also be interesting to investigate the correlation of just the energy sources i.e. the wind and the 

waves, instead of the base load properties. In a study on just the sources, no consideration on 

device parameters would be needed, which would make the analysis easier to perform. 

 

An attempt to model the WEC power output from the wavelet generated spectral function was 

made. Together with this a small program for calculating the WEC power output from voltage 

data was designed. The initial aim was to try to develop a power output model with high time 

resolution and compare those results with the output from the program that processes the 

voltage data. Unfortunately, more time would have been needed in order to dig deeper in the 

theory behind wavelets and therefore the results from this attempt is not considered in this 

thesis. This might on the other hand be of interest to further investigate. 
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8 Conclusions 
 

Modeling base load properties depends quite heavily on the parameter assumptions of the 

device and because of that, and of the moderate wave climate at Horns rev, the base load 

properties for wave power has been hard to model. The assumption that wind and wave power 

should have equal amount of full load hours per year introduces a restriction in the analysis. 

With this assumption the magnitude of the energy production from wave power cannot be 

investigated, neither can the annual production time, however, the characteristics of the output 

power can be studied. The base load analysis for wave power at Horns rev, with the model 

used and the assumptions made in this work indicates that electrical generation from waves is 

less fluctuating than generation from winds. Further, this analysis indicates a positive 

interplay between winds and waves, and that co-production could decrease generation down 

time.  

 

The locations where the data used in this work where recorded have low power wave climates 

compared to nearby waters. The Danish site has good wind power conditions but as shown, 

that doesn’t imply good wave power conditions. Horns rev is one of the first offshore farms, if 

offshore wind power goes to greater depths the prerequisites for wave and wind power co-

production would increase. 
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10 Appendix 1 
 
 
The scatter diagrams present how the waves are distributed with respect to significant wave 

height and energy period.   

 
 
 

2001            

Wave height                     Total (%) 

5,5-6 m 0 0 0 0 0 0 0 0 0  0 

5-5,5 m 0 0 0 0 0 0 0 0 0  0 

4,5-5 m 0 0 0 0 0 0 0 0 0  0 

4-4,5 m 0 0 0 0,01 0 0 0 0 0  0,01 

3,5-4 m 0 0 0 0 0 0 0 0 0  0 

3-3,5 m 0 0 0 0 0,05 0,08 0 0 0  0,14 

2,5-3 m 0 0 0 0,01 1,48 0,43 0 0 0  1,93 

2-2,5 m 0 0 0,01 0,88 6,11 0,20 0 0 0  7,21 

1,5-2 m 0 0 0,07 10,92 2,94 0,01 0 0 0  13,94 

1-1,5 m 0 0 8,61 17,42 0,69 0,03 0 0 0  26,74 

0,5-1 m 0 1,27 26,37 9,90 0,94 0,01 0 0 0  38,50 

0-0,5 m 0 3,22 6,18 1,84 0,30 0 0 0 0  11,54 

Period 1-2 s 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100,00 

                       

Total (%) 0 4,49 41,24 40,98 12,52 0,77 0 0 0 ∑ 100,00 
            

Yellow cells = 85,72 %          

Green cells = 65,24 %          

 
Scatter diagram Horns rev 2001 

 



 

  

 
2002            

Wave height                     Total (%) 

5,5-6 m 0 0 0 0 0 0 0 0 0  0 

5-5,5 m 0 0 0 0 0 0 0 0 0  0 

4,5-5 m 0 0 0 0 0 0 0 0 0  0 

4-4,5 m 0 0 0 0 0 0 0 0 0  0 

3,5-4 m 0 0 0 0 0 0,07 0,05 0 0  0,12 

3-3,5 m 0 0 0 0 0,02 0,14 0,01 0 0  0,17 

2,5-3 m 0 0 0,01 0,01 0,65 0,49 0 0 0  1,15 

2-2,5 m 0 0 0,03 0,58 3,35 0,18 0 0 0  4,15 

1,5-2 m 0 0,01 0,28 7,34 2,85 0,07 0 0 0  10,55 

1-1,5 m 0 0 9,15 17,74 1,13 0,01 0 0 0  28,02 

0,5-1 m 0 1,28 26,82 12,61 1,65 0,09 0,01 0 0  42,45 

0-0,5 m 0 3,23 7,31 2,34 0,37 0,12 0,01 0 0  13,38 

Period 1-2 s 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100,00 

                       

Total (%) 0 4,52 43,61 40,61 10,02 1,16 0,09 0 0 ∑ 100,00 
            

Yellow cells = 84,58 %          

Green cells = 70,48 %          

 
Scatter diagram Horns rev 2002 

 
 

2003            

Wave height                     Total (%) 

5,5-6 m 0 0 0,01 0 0 0 0 0 0  0,01 

5-5,5 m 0 0 0 0 0 0 0 0 0  0 

4,5-5 m 0 0 0 0 0,01 0 0 0 0  0,01 

4-4,5 m 0 0 0 0 0,03 0 0 0 0  0,03 

3,5-4 m 0 0 0 0,01 0,04 0,02 0,01 0 0  0,08 

3-3,5 m 0 0 0 0 0,04 0,16 0,01 0 0  0,21 

2,5-3 m 0 0 0 0,15 0,63 0,63 0 0 0  1,41 

2-2,5 m 0 0 0,01 0,76 2,74 0,26 0 0 0  3,76 

1,5-2 m 0 0,01 0,48 6,47 3,16 0,18 0 0 0  10,29 

1-1,5 m 0 0 6,11 15,05 1,62 0,13 0 0 0  22,91 

0,5-1 m 0,01 1,65 26,95 11,29 1,29 0,14 0,02 0,01 0  41,35 

0-0,5 m 0 4,43 9,27 3,93 1,26 0,75 0,28 0,04 0,01  19,97 

Period 1-2 s 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100,00 

                       

Total (%) 0,01 6,09 42,82 37,65 10,80 2,25 0,32 0,06 0,01 ∑ 100,00 
            

Yellow cells = 85,14 %          

Green cells = 64,26 %          

 
Scatter diagram Horns rev 2003 



 

  

 
2005            

Wave height                     Total (%)

5,5-6 m 0 0 0 0 0 0 0 0 0  0 

5-5,5 m 0 0 0 0 0 0 0 0 0  0 

4,5-5 m 0 0 0 0 0 0 0 0 0  0 

4-4,5 m 0 0 0 0 0 0 0 0 0  0 

3,5-4 m 0 0 0 0 0 0 0 0 0  0 

3-3,5 m 0 0 0 0 0 0 0,20 0,16 0  0,36 

2,5-3 m 0 0 0 0 0 0,16 0,36 0,02 0  0,54 

2-2,5 m 0 0 0 0 0,16 1,83 0,25 0,02 0  2,26 

1,5-2 m 0 0 0 0,02 4,31 2,05 0,34 0 0  6,73 

1-1,5 m 0 0 0 3,05 8,19 0,99 0,38 0,02 0  12,64 

0,5-1 m 0 0 3,18 15,03 7,90 2,93 0,72 0,18 0  29,95 

0-0,5 m 0 2,62 13,88 16,39 11,44 2,57 0,56 0,05 0  47,52 

Period 1-2 s 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100,00 

                       

Total (%) 0 2,62 17,07 34,49 32,01 10,54 2,82 0,45 0 ∑ 100,00 
            

Yellow cells = 72,84 %          

Green cells =  77,47 %          

 
Scatter diagram Islandsberg 2005 

 
 

2006            

Wave height                     Total (%)

5,5-6 m 0 0 0 0 0 0 0 0 0  0 

5-5,5 m 0 0 0 0 0 0 0 0 0  0 

4,5-5 m 0 0 0 0 0 0 0 0 0  0 

4-4,5 m 0 0 0 0 0 0 0 0 0  0 

3,5-4 m 0 0 0 0 0 0 0 0 0  0 

3-3,5 m 0 0 0 0 0 0 0,08 0 0  0,08 

2,5-3 m 0 0 0 0 0 0,05 0,22 0 0  0,27 

2-2,5 m 0 0 0 0 0,10 1,04 0,11 0 0  1,25 

1,5-2 m 0 0 0 0 2,63 1,60 0,22 0,03 0  4,48 

1-1,5 m 0 0 0 2,41 7,04 1,48 0,11 0 0  11,04 

0,5-1 m 0 0 2,85 11,45 7,88 1,47 0,12 0,04 0  23,81 

0-0,5 m 0 2,78 16,51 22,43 12,09 3,47 1,32 0,42 0,05  59,07 

Period 1-2 s 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100,00 

                       

Total (%) 0 2,78 19,36 36,29 29,74 9,12 2,17 0,49 0,05 ∑ 100,00 
            

Yellow cells = 77,40 %          

Green cells = 82,88 %          

 
Scatter diagram Islandsberg 2006 



 

  

 
Mean 79 -93           

Wave Height                   Total (%) 

8,5-9 m 0 0 0 0 0 0 0 0  0 

8-8,5 m 0 0 0 0 0 0 0 0  0 

7,5-8 m 0 0 0 0 0 0 0 0  0 

7-7,5 m 0 0 0 0 0 0 0 0,01  0,01 

6,5-7 m 0 0 0 0 0 0 0,05 0,01  0,06 

6-6,5 m 0 0 0 0 0 0 0,11 0  0,11 

5,5-6 m 0 0 0 0 0 0,02 0,18 0  0,21 

5-5,5 m 0 0 0 0 0 0,30 0,13 0  0,42 

4,5-5 m 0 0 0 0 0 0,88 0,01 0  0,89 

4-4,5 m 0 0 0 0 0,19 1,38 0 0  1,57 

3,5-4 m 0 0 0 0 2,17 0,39 0 0  2,56 

3-3,5 m 0 0 0 0,11 3,58 0,02 0 0  3,72 

2,5-3 m 0 0 0 3,26 2,56 0,01 0 0  5,83 

2-2,5 m 0 0 0,16 8,10 0,21 0,01 0 0  8,48 

1,5-2 m 0 0,01 7,09 5,72 0,09 0,02 0,01 0,01  12,95 

1-1,5 m 0 2,15 15,95 1,40 0,29 0,10 0,08 0,03  20,00 

0,5-1 m 0,23 17,72 6,96 1,75 0,64 0,18 0,07 0,02  27,57 

0-0,5 m 6,66 7,23 1,29 0,33 0,08 0,01 0 0  15,61 

Period (TZ) 2-3 s 3-4 s 4-5 s 5-6 s 6-7 s 7-8 s 8-9 s 9-10 s ∑ 100 

                      
Total (%) 6,89 27,11 31,45 20,68 9,80 3,33 0,64 0,09 ∑ 100 

 
Scatter diagram Point 2 in [20].  

 

Notice: In the scatter diagram for Point 2 in [20] the mean zero up-crossing period is given 

and not the energy period.  

 



 

  

 

11 Appendix 2 
 

 
Modelled, monthly and annual theoretical utilization factor for wind and wave power 2002 at Horns rev. 

 

 
Modelled, monthly and annual theoretical utilization factor for wind and wave power 2003 at Horns rev. 

 



 

  

 
Modelled theoretical wind power and wave power duration curves 2002 at Horns rev. 

 

Modelled theoretical wind power and wave power duration curves 2003 at Horns rev. 
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