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Power Take-Off

Present Value

Research and Development
Root Mean Square Error
South

Short-Crested Waves
Southeast

Sustainable Economically Efficient Wave Energy Con-
verter

Scatter Index

South Southeast

South Southwest

Southwest

Simulating Waves Nearshore
Still Water Level

Terawatt

Terawatt hour

United Kingdom Meteorological Office
Volt

West/Watt

Wave Model

Wave Dragon Wave Energy Converter
Wave Energy Converter
World Geodetic System 1984
West Northwest

Wave Situation

West Southwest



Glossary

This glossary is partly based on the Marine Energy Glossary (Carbon Trust, July
2005) and the Ocean Energy Glossary (Wave Energy Centre, December 2007).

Absorbed power

Bandwidth

Bathymetry

Capacity factor

Capture ratio

Cost of energy

Deep water

Diffraction of waves

Eigenfrequency
Farm

Fixed premium

Power extracted from the waves, not taking any losses
into account (a.0. conversion losses, transmission
losses)

The range of wave frequencies over which a WEC
responds.

The measurement of the water depth (and the shape
of the seabed).

The energy produced during a given period as a
proportion of the energy that would have been pro-
duced had the device been running continually and at
maximum output.

The ratio between the absorbed power and the wave
power incident on a wave-front width equal to the
width of the WEC.

Minimum price at which energy must be sold for the
energy project to break even. The cost of energy
(COE) is the ratio between the present value of the
costs of a farm and the present value of its energy
production.

Water sufficiently deep that surface waves are little
affected by the ocean bottom. Generally, water deeper
than é is considered as deep water.

When water waves encounter an obstacle (e.g. WEC)
during propagation, they pivot about the edge of
the obstacle and move into the shadow zone of the
obstacle. Wave diffraction is the apparent bending of
waves around small obstacles and the spreading out
of waves past small openings.

The frequency of vibration of an oscillating system
when vibrating freely.

A farm of WECs is an arrangement or geometric
configuration of WECs.

A fixed premium (in addition to the electricity price)
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Heave
Installed capacity

Long-crested waves

Loss load factor

Oscillating water column

Overtopping of waves

Pitch

Point absorber
Power matrix
Power take-off (PTO)

Produced power

Radiation of waves

Rated power

Reflection of waves

Refraction of waves

guarantees return to producers of electricity from re-
newable energy, as the regional or national electricity
utilities are obligated to buy renewable electricity at
above-market rates set by the government.

Vertical motion of a floating body.

Total power that the device can produce when oper-
ating correctly and at full power output (measured in
kilowatts (kW) or megawatts (MW)).

Waves that are propagating in the same wave direc-
tion. Long-crested waves have straight and parallel
crests.

The ratio between the annual average power loss and
the peak power loss.

An oscillating water column (OWC) is formed by a
chamber which is filled with air above the water line.
The waves cause the water level in the air chamber
to oscillate. Consequently the air in the chamber
is compressed and expanded generating an air flow
through an air turbine.

The amount of sea water transported over the crest of
a structure.

Rotary oscillatory motion of a WEC around a hor-
izontal axis perpendicular to the direction of wave
propagation.

An oscillating wave energy converter that is small
compared to the incident wave length.

A power matrix describes the time averaged mean
power production of a WEC in each sea state.

Mean mechanisms to convert wave into mechanical
and/or electrical energy.

Electrical power generated by the WEC not taking
transmission losses and losses due to planned and un-
planned maintenance into account, unless expressly
stated.

Radiation is the energy spread away from the WEC
by its interaction with the water. It is the wave pattern
that would be generated by the WEC when oscillating
in calm water.

Or installed capacity.

When waves are reflected by a WEC, the reflected
waves cause increased agitation of the water in front
of the WEC.

When waves are propagating at an angle to the depth
contours one part of the wave front is at smaller
depth than another and therefore moves with a smaller
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Roll

Scatter diagram

Sea state

Shallow water

Shoaling of waves
Short-crested waves
Surge

Survivability

Sway

Transformer

Transmission of waves
Tuning

Wave rose

speed. This causes the waves to change direction
and the crests to bend into the pattern of the depth
contours of the sea bottom.

Rotary oscillatory motion of a WEC around a hori-
zontal axis in the direction of wave propagation.

A scatter diagram shows the average frequency of
occurrence (in %) of different sea states for one or
more year(s) (or one specific month) and a given wind
direction.

A sea state is defined by a combination of significant
wave height H; and mean wave period 7;,.

When the water depth is smaller than % the term
shallow water is used. Surface waves are noticeably
affected by the bottom in shallow water.

The change in wave height due to varying depth is
called shoaling.

Many component waves propagating in various direc-
tions.

Linear oscillatory horizontal motion of a WEC in the
direction of wave propagation.

The ability of a WEC to remain intact and operational
in storm conditions.

Linear oscillatory horizontal motion of a WEC per-
pendicular to the direction of wave propagation.
Device that transfers energy from one electrical cir-
cuit to another via a magnetic coupling.

Waves propagating through and under the WEC.
Adjusting the size and shape of a WEC and/or con-
trolling a WEC to change its oscillation frequency.
The segments of a wave rose show the relative fre-
quencies of mean wave directions in each wave sector.






Nederlandse samenvatting
—Summary in Dutch—

De Europese Unie wil tegen 2020 de emissie van broeikasgassen verminderen
met 20 % (ten opzichte van 1990) om de opwarming van de aarde tegen
te gaan. Bovendien wil de EU het aandeel van hernieuwbare energie in de
energieconsumptie verhogen tot 20 % en zijn primaire energieverbruik met 20 %
verminderen tegen 2020. De EU is immers sterk afhankelijk van de invoer
van fossiele brandstoffen, maar de voorraad van deze fossiele brandstoffen is
niet oneindig. Bovendien kan de continuiteit van de aanvoer van deze fossiele
brandstoffen uit politiek minder stabiele regio’s, bedreigd worden. Golfenergie,
net als alle andere hernieuwbare energiebronnen, zal een bijdrage moeten leveren
om deze 20/20/20 doelstellingen te bereiken.

Golfenergie biedt heel wat perspectieven. Oceanen zijn immers een oneindige
bron van hernieuwbare energie. In het verleden werden vele concepten voor
golfenergieconversie ontwikkeld en beproefd. Een golfenergieconvertor (GEC)
zet de kinetische en/of potenti€le energie van golven om in elektrische energie.
Golfenergieconvertoren (GECs) kunnen volgens hun conversieprincipe ingedeeld
worden in twee categorieén: (i) GECs waar een lichaam of waterkolom oscilleert
onder de invloed van zeegolven en (ii) GECs die overtoppende golven opvangen in
een bassin dat hoger ligt dan het zeeniveau en op die manier een hydraulisch verval
creéren. Tot op heden is echter geen enkel concept voor golfenergieconversie klaar
voor commercialisatie op grote schaal door verschillende obstakels van zowel
technische als niet-technische aard.

Aangezien het nominaal vermogen van een GEC beperkt is, zijn in de praktijk
altijd meerdere GECs nodig. Zij worden in een geometrische configuratie of
in een ‘GEC-park’ geplaatst. Het invallend golfvermogen wordt gedeeltelijk
geabsorbeerd en gedeeltelijk verstrooid door de GECs in een park. Bijgevolg
wordt het geproduceerde vermogen van elke GEC in het park beinvloed door de
aanwezigheid van de naburige GECs. De huidige kennis omtrent de herverdeling
van energie in en achter een GEC-park is echter beperkt. Zowel de productie als de
kost van een GEC-park zijn lay-out afthankelijk. In een eerste fase ligt de nadruk
typisch op de optimalisatie van 1 convertor, maar wil men echter een commercieel
bruikbare technologie ontwikkelen, dan is het onderzoeken van een GEC-park
onontbeerlijk. De optimalisatie van de lay-out van een park golfenergieconver-
toren in de Noordzee was het hoofddoel van dit doctoraatsonderzoek. Er werd
gezocht naar een optimale balans tussen de energieproductie en de kost van een
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GEC-park.

De bepaling van het beschikbaar golfvermogen en interessante locaties
voor golfenergieconversie in de Noordzee ligt aan de basis van de berekening
van de productie en de kost van een GEC-park. Het beschikbaar golfvermogen
en mogelijke locaties voor golfenergieconversie werden in een eerste deel van
dit werk onderzocht. Het is de eerste keer dat het golfenergiepotentieel in de
Noordzee in detail werd bestudeerd. Beschikbare data van golfmeetboeien en
numerieke golfvoortplantingsmodellen werden verzameld en geanalyseerd. Het
resulterende beschikbaar golfvermogen in de Noordzee werd in kaart gebracht.
Het beschikbaar golfvermogen in de zuidelijke Noordzee is eerder klein door
de afscherming van de Atlantische Oceaan door Groot-Brittanni€. Een zeer
energetisch golfklimaat maakt daarentegen installatie en onderhoud van GECs
niet gemakkelijk. Bovendien zijn tot op heden meerdere problemen in verband
met structurele sterkte en verankering in een energetisch golfklimaat nog niet
opgelost (E: survival mode). Naast het beschikbaar golfvermogen dienen ook
de eigenschappen van de GEC zelf (zoals minimale en/of maximale waterdiepte,
golfperiode, golthoogte) en de kost voor installatie, gridconnectie, werking en
onderhoud beschouwd te worden bij het selecteren van een geschikte locatie voor
de installatie van een GEC-park. Bovendien beinvloeden ook andere activiteiten
in de Noordzee de keuze van een geschikte locatie. Mogelijke locaties voor de
installatie van een park Pelamis GECs in de zuidelijke Noordzee werden aan de
hand van een ruimtelijke multi-criteria beslissingsanalyse bepaald (E: GIS-based
multi-criteria decision analysis). De Pelamis GEC is een drijvende convertor
van de eerste categorie. Deze GEC bestaat uit een aaneenschakeling van vier
drijvende cilindersegmenten die scharnierend met elkaar verbonden zijn. De
segmenten volgen de golfbeweging en de hoekverdraaiing in de scharnieren drijft
een hydraulisch systeem aan. Uit deze analyse blijkt dat toegankelijke locaties
nabij de kust met een relatief energetisch golfklimaat het meest geschikt zijn voor
de installatie van een park Pelamis GECs.

In het tweede deel van dit doctoraatsonderzoek werd de elektriciteitspro-
ductie van een GEC-park begroot in een numeriek golfvoortplantingsmodel
MILDwave, ontwikkeld aan Universiteit Gent. De implementatie van een GEC-
park in een numeriek golfvoortplantingsmodel is relatief nieuw. In sommige
studies werd een park geimplementeerd als één poreus samenhangend obstakel.
In die modellering wordt de herverdeling van energie rond de GECs in het park
niet in rekening gebracht. In andere studies werden de reflectie op de GEC
en de transmissie onder en door de GEC samengebracht in één parameter: de
porositeit van de structuur. Hierdoor kan de productie van de GEC in het park niet
aangepast worden aan het omringend golfklimaat. In dit doctoraatsonderzoek werd
een sponslaagtechniek ontwikkeld waarin GECs als individuele obstakels met
onafhankelijke reflectie-, transmissie-, en bijgevolg absorptiekarakteristieken wor-
den gemodelleerd. Deze techniek is enkel toepasbaar op overtoppingssystemen
(GECs van de tweede categorie). De sponslaagtechniek werd echter uitgebreid



SUMMARY IN DUTCH XX1il

om eveneens GECs van de eerste categorie te implementeren in MILDwave. In
deze uitbreiding werden golven, gegenereerd door de beweging van de GECs, in
MILDwave gesimuleerd.

Een park werd in MILDwave gemodelleerd door de energieabsorptie van
elke GEC af te stemmen op het omringend golfklimaat. De absorptie van een
park hypothetische overtoppingssystemen bepaald met resultaten uit MILDwave,
werd vergeleken met de absorptie van het park vereenvoudigd tot één poreus
obstakel. Met de nieuwe sponslaagtechniek kan de absorptie van een GEC-
park veel nauwkeuriger ingeschat worden. De herverdeling van energie in
het park wordt immers in rekening gebracht. Uit de vergelijking blijkt dat
de vereenvoudigde aanpak tot een aanzienlijke onder- of overschatting van het
geabsorbeerd vermogen kan leiden (tot 40 %).

De validatie van de sponslaagtechniek is complex. Het golfpatroon rond één
en drie absorberende obstakels werd experimenteel en numeriek bepaald. De
overeenkomst tussen de experimentele en numerieke golfhoogtes is echter niet
bevredigend (afwijking van de gemiddelde golfhoogte voor en achter de drie
absorberende obstakels tot 20 %). Reflectie op de zijwanden van de fysische
golfgoot (4 m) verstoorde het golfpatroon rond de GEC (0.72 m breed) in grote
mate. Daarom werd de sponslaagtechniek geverifieerd door het berekenen van de
vermogensabsorptie van een GEC in een tweedimensioneel domein in MILDwave.
De resultaten tonen aan dat de sponslaagtechniek een betrouwbare methode is om
zogeffecten van overtoppingssystemen te modelleren.

Deze innovatieve sponslaagtechniek werd toegepast op een prototype GEC;
de Wave Dragon GEC. De Wave Dragon GEC is een drijvend offshore over-
toppingssysteem. Golven worden via lange golfreflectoren naar een centraal
oploopvlak geleid, overtoppen in een bassin en worden via turbines met een klein
verval, aangesloten op een generator, terug in zee geloosd. In het zog van de
Wave Dragon GEC werd een aanzienlijke golthoogtedaling waargenomen. Voor
deininggolven (met een grote voorkomingfrequentie in de Noordzee) daalt de
absorptie van een tweede Wave Dragon GEC, die 3 km achter de eerste Wave
Dragon GEC geplaatst is, met 30 %.

Een tweede prototype, de FO? GEC (eerste categorie), werd in MILDwave
geimplementeerd met de uitgebreide sponslaagtechniek. De FO® GEC is eveneens
een drijvende offshore converter. Deze GEC bestaat een platform met verschil-
lende (12 of 21) verticaal oscillerende vlotters. De verticale beweging van deze
vlotters wordt omgezet naar een rotatiebeweging door een hydraulisch systeem.
De zogzone achter een FO® GEC is over het algemeen eerder beperkt.

De vermogensabsorptie van verscheidene lay-outs van Wave Dragon GECs
en FO® GECs met verschillende laterale en longitudinale tussenafstanden werd
in MILDwave bepaald voor verschillende golfcondities. De bestaande golfge-
neratietechniek in MILDwave werd, samen met de absorberende sponslagen aan
de randen van het simulatiedomein in MILDwave, uitgebreid en gevalideerd om
golven met verschillende golfinvalsrichting en directionele spreiding te genereren.
Uit de resultaten blijkt dat de herverdeling van golfvermogen in het park, en
bijgevolg de productie van het park, niet alleen bepaald wordt door de lay-out van
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het park, maar ook door de afmetingen en de absorptie van de GEC, het type GEC
en door het invallend golfklimaat (golfperiode, golfinvalsrichting en directionele
spreiding).

Naast de elektriciteitsproductie wordt ook de kost van een GEC-park beinvloed
door de lay-out van het park. De kost van een GEC-park werd in het derde en
laatste deel van dit doctoraatsonderzoek geanalyseerd. De lay-out van het GEC-
park bepaalt hoofdzakelijk de kost van de elektriciteitskabels tussen de GECs
in het park. De installatie-, de werkings- en de onderhoudskosten zijn daaren-
tegen minder lay-out afthankelijk. Door het minimaliseren van de kost van het
kabelnetwerk zelf en de gekapitaliseerde kost van de verwachte energieverliezen
in de kabels werd een optimaal kabelnetwerk ontworpen voor verschillende lay-
outs van een park van Wave Dragon GECs. Uit de berekeningen volgt dat de
investeringskost van het onderzees kabelnetwerk slechts een fractie is van de totale
investeringskost van het GEC-park. Bijgevolg heeft het minimaliseren van deze
kost enkel een kleine impact op de energiekost. Bij het ontwerpen van de lay-out
van een GEC-park moet dus hoofdzakelijk een maximale productie nagestreefd
worden. Eén enkele rij van Wave Dragon GECs resulteert in de grootste productie
en de laagste energiekost. Daarentegen is een lange zone nodig om deze lay-out te
realiseren.

De installatie van een kortere rij Wave Dragon GECs voor een windmolenpark
lijkt interessant. Enerzijds kunnen deze Wave Dragon GECs verbonden worden
met het transformator platform van het windmolenpark, waardoor de totale
gridconnectiekost gereduceerd wordt. Anderzijds daalt de golthoogte achter
de Wave Dragon GECs. Hierdoor wordt onderhoud van het windmolenpark
gemakkelijker en goedkoper.

Ten slotte werd een investeringsanalyse voor de installatie van een rij Pelamis
GECs in de zuidelijke Noordzee uitgevoerd. Meestal zijn gegevens i.v.m. de
kosten van GECs confidentieel. De beperkt publiek beschikbare gegevens werden
in de investeringsanalyse van dit doctoraatsonderzoek gebruikt. Uit de analyse
blijkt dat de installatie van een Pelamis GEC-park in de zuidelijke Noordzee
momenteel niet haalbaar is zonder subsidies. De huidige subsidies voor offshore
windenergie zijn over het algemeen niet voldoende voor golfenergie.



English summary

In 2007 the EU has set a new target for the reduction of greenhouse gas emissions:
20 % reduction by 2020 compared to 1990. Furthermore, the EU aims to increase
the share of renewables in its energy mix and to decrease its primary energy use
with 20 % by 2020. These targets are needed to decrease the EU’s dependency on
fossil fuel imports and to cope with the increasing energy demand, the shrinking
reserves of fossil fuels and the climate change. All renewable energy sources will
have to contribute to achieve these 20/20/20 targets, including wave energy.

Wave energy holds a lot of possibilities, as oceans contain an infinite amount
of energy. In the past many concepts for wave power conversion were invented
and tested. A Wave Energy Converter (WEC) converts the kinetic and/or potential
energy of waves into electricity. Two main principles of wave power conversion
can be distinguished: (i) Wave Energy Converters (WECs) with a body or water
column that is oscillating by the incident waves and (ii) WECs that capture the
overtopping waves in a basin above sea level and consequently create a hydraulic
head. Thus far, none of the concepts for wave power conversion has reached a
maturity that makes it economic exploitable due to several technological and non-
technological barriers.

As the rated power of a single WEC is rather small, several WECs need to be
arranged in a geometric configuration or in a ‘farm’. WECs in a farm are partly
absorbing and partly redistributing the incident wave power. The power produced
by each individual WEC in the farm is affected by the presence of its neighbouring
WECs. The current knowledge about the redistribution of energy inside and behind
a farm of WEC:s is rather limited. Both the power production and cost of a farm
are dependent on the lay-out of the farm. So far, most studies concentrate on
the optimization of a single WEC, rather than optimizing a complete farm. To
develop a commercial technology, the impact of arranging WECs in a farm has to
be investigated as well. The optimization of the lay-out of a farm of WECs in the
North Sea is the focus of this PhD research. An optimal balance between power
production and cost of a farm of WECs is aimed at.

To assess the power production and cost of a farm of WECs, the wave power
resources and possible locations for the deployment of a farm of WECs in the
North Sea are quantified in a first part. It is the first time that the wave power
potential in the North Sea is studied in detail. Available wave data from buoy
measurements and numerical wave propagation models are gathered and analysed,
resulting in the production of a map of the available wave power in the North
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Sea. The resource in the southern part of the North Sea is rather limited as large
swells from the Atlantic Ocean are blocked by the UK. Since WEC:s still contend
with problems regarding structural strength and mooring in a severe wave climate,
the mild wave climate of the southern North Sea is more likely to assure the
survivability of WECs. To select a good location to install a farm of WECs not only
the wave power resource but also the technological requirements of the considered
WEQ, the cost of installation, grid connection, operation and maintenance (O&M)
and other activities in the North Sea should be considered. A geo-spatial multi-
criteria decision analysis is performed in this PhD dissertation to select possible
locations for the installation of a farm of Pelamis WECs in the southern North
Sea. The Pelamis WEC is a semi-submerged WEC of the first category. The WEC
consists of four cylindrical sections linked together by hinged joints. The rotation
of these hinged joints drive a hydraulic system. The results show that accessible
areas with a relatively high energetic wave climate and situated rather close to
shore are preferred.

In a second part of this PhD research the production of a farm of WECs
is studied in a time-dependent mild-slope wave propagation model MILDwave,
developed at Ghent University. The implementation of a farm of WECs in a
numerical wave propagation model is relatively new. In some studies a farm is
simplified to one transmitting obstacle. Consequently, the redistribution of wave
energy around the WECs in the farm is not taken into account. In other studies
the reflection from the WEC and transmission under and through the WEC are
coupled through the degree of porosity assigned to the structure, which makes the
adaptation of the production of the WEC to its surrounding wave climate in the
farm impossible. In this PhD dissertation a sponge layer technique is developed to
model WECs as individual obstacles with uncoupled reflection and transmission
(and consequently absorption) characteristics. This technique is only applicable to
WEQC:s of the overtopping type (second category). To implement a WEC of the first
category in MILDwave the sponge layer technique is extended. In this extension
waves generated by the WEC motions are taken into account.

In MILDwave a farm is modelled by adapting the power absorption of each
WEC to its surrounding wave climate. The power absorption of a farm of
hypothetical WECs of the overtopping type obtained from MILDwave results,
is compared to the power absorption when the farm is simplified to a single
transmitting obstacle. A more accurate estimation of the power absorption is
obtained with the method developed in MILDwave, as the redistribution of wave
power inside the farm is taken into account. The comparison reveals that the
simplified method may result in a high overestimation or underestimation of the
absorbed power (up to 40 %).

The validation of the sponge layer technique is not straightforward. The
agreement between the wave pattern around a single and three absorbing obstacles,
assessed both numerically and experimentally is not satisfactory (differences in
average wave height in front of and behind the three absorbing obstacles up till
20 %). Reflection on the side walls of the physical wave flume with limited width
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(4 m) caused large disturbances of the wave pattern around the WEC (with a width
of 0.72 m). Consequently the sponge layer technique is validated by calculating
the power absorbed by a WEC in a two dimensional domain in MILDwave. The
results demonstrate that the sponge layer technique is a reliable tool to study wake
effects behind WECs of the overtopping type.

This innovative sponge layer technique is applied to a prototype; the Wave
Dragon WEC. The Wave Dragon WEC is a floating offshore converter of
the overtopping type (second category), which captures the water volume of
overtopped waves in a basin above mean sea level and produces power when the
water drains back to the sea through hydro turbines. In general, a large wake is
observed behind the Wave Dragon WEC. For swell waves (with a high frequency
of occurrence in the North Sea), the absorption of a second Wave Dragon WEC
installed 3 km behind a first WEC is decreased with 30 %.

A second prototype, an FO® WEC (first category), is implemented in MILD-
wave by using the extended sponge layer technique. The FO* WEC is a floating
offshore converter which consists of several (12 or 21) heaving buoys placed in
a floating platform. The vertical motion of the heaving buoys is converted to a
rotational motion by means of a hydraulic system. In general, the wake effect
behind an FO® WEC is limited.

The power absorption of several lay-outs of Wave Dragon WECs and FO?
WECs with varying lateral and longitudinal spacing is assessed in MILDwave
for different wave situations. The existing wave generation technique, together
with absorbing domain boundaries, is extended and validated in MILDwave to
generate not only head-on waves but waves with varying mean wave directions
and directional spreading. The results show that the redistribution of wave power
in a farm, and consequently the production of a farm, is not only depending on
the lay-out of the WECs, but also on the dimensions and absorption of the WEC,
the type of WEC and the incident wave climate (wave period, wave direction and
directional spreading).

Not only the power production but also the cost of a farm is lay-out dependent.
The cost of a farm is discussed in a third part of this PhD work. Mainly the cost
of the electrical cables between the WECs in a farm is affected by the farm lay-
out. The costs of installation, operation and maintenance are to a lesser degree
dependent on the farm lay-out. An optimal cable network is designed for different
farm lay-outs of Wave Dragon WECs by minimizing the cost of the cable network
itself and the capitalized cost of expected constrained energy from cable losses.
The results indicate that the investment cost of the submarine cable network is
only a fraction of the total investment cost of the farm. Consequently, minimizing
the cost of the cable network has only a small effect on the cost of energy. Hence,
when designing the lay-out of a farm of Wave Dragon WECs, mainly maximum
power production should be aimed at. A single line of Wave Dragon WECs results
in the highest power production and lowest cost of energy. On the other hand this
lay-out requires a wide sea area.

The installation of a shorter line of Wave Dragon WECs in front of a farm of
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wind turbines may be beneficial. In that case the Wave Dragon WECs may be
connected to the transformer platform of the wind farm, which reduces the grid
connection cost. Furthermore, the Wave Dragon WECs reduce the wave height
in their lee, which makes maintenance of the farm of wind turbines easier and
cheaper.

Finally an investment analysis of the deployment of a single line of Pelamis
WECs in the southern North Sea is presented. So far, cost estimates of WECs are
mostly kept confidential by the WEC developers. The limited publicly available
data are used in the analysis in this PhD dissertation. Today, installation of a farm
of Pelamis WECs in the southern part of the North Sea is not feasible without
subsidies. The current subsidies for offshore wind energy are in general not
sufficient for wave energy.









Introduction

1.1 Current status of wave energy

1.1.1 Concepts

The development of renewable energy technologies is pressing. Today, Europe
is heavily dependent on imports of fossil fuels (54 % of the EU’s primary energy
demand [1]), often from areas which are potentially politically unstable. Without a
change in direction, this reliance will be as high as 70 % by 2030 [2]. Furthermore,
the supply of fossil fuels is limited. At the same time global energy demand is
increasing rapidly and finally climate change requires urgent action. We are forced
to use energy more economically and to develop renewable energy technologies
to meet the European 20/20/20 targets by 2020: reduction of greenhouse gas
emissions by 20 % compared to 1990, 20 % energy production from renewable
energy sources and 20 % reduction of primary energy use by 2020. Note that actual
trends still show a continuous growth of 1% CO4 emissions per year (European
Energy Outlook until 2030, European Commission, 2006).

It is widely accepted that wave energy has the potential to significantly
contribute to the renewable energy supply. The overall wave power resources (2
terawatt) are of the same order of magnitude as the world’s electricity consumption
[3].

Many concepts for wave power conversion, with an installed capacity of a few
kilowatts up to more than one megawatt, have been invented during the last three
decades. This resulted in more than 1 000 patents. A Wave Energy Converter
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(WEC) converts the kinetic and/or potential energy of waves into electricity.
WEC:s can be divided into two major categories:

- (1) Devices based on the oscillation principle, where a body or water
column is oscillating.

- (i1) Devices based on the overtopping principle, where waves are overtop-
ping in a basin at a higher level than the surrounding sea.

The first category comprises different types of floating or submerged bodies
and oscillating water columns (OWCs), while the second category consists of fixed
or slack moored overtopping devices. An overview of the 16 leading technologies
in 2009 is given in Table 1.1 [4].

Table 1.1: Overview of 16 leading wave energy converters in 2009 [4]

Device Company Country Category Prototype rating
Oyster Aquamarine Power UK (1) 500 kW
WaveRoller AW Energy Oy Finland (1) 15 kW
Wave Swing  AWS Ocean Energy UK (1) 2 MW
AquaBuOY Finavera Canada (1) 250 kW
FO? Fred Olsen Norway (i) 2.5 MW!
OE Buoy Ocean Energy Ireland (1) OWC 2 MW
Oceanlinx Oceanlinx Australia (1) OWC 2 MW
PowerBuoy OPT USA (1) 150 kW
Pelamis Pelamis Wave Power? UK (1) 750 kW
CETO Seapower Pacific Australia (1) 180 kW
Wave Dragon Wave Dragon Denmark (i1) 7MW
Wavebob Wavebob Ireland (1) 2 MW
Limpet Wavegen UK (1) OWC 500 kW
SSG WAVEnergy Norway (1) 150 kW
WavePlane WavePlane Denmark (i1) 500 kW
Wavestar Wavestar Denmark (1) 5 MW

! Results from the EU project SEEWEC (Sustainable Economically Efficient
Wave Energy Converter - contract n°: SES6-CT2005-019969) showed that the
initial prototype rating was too optimistic. A prototype rating of 0.4 MW -
0.6 MW was found in [5]. This led directly to the requirement for an adapted
concept.

2 Ocean Power Delivery changed its name in Pelamis Wave Power in 2007.

The wind industry quite quickly converged on one model of air turbine; the
horizontal axis type. Unlike the wind industry, there is not a single WEC (or
even generic type of WEC) that is proving more successful than another. Not a
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single WEC has reached an economically exploitable level due to several techno-
logical and non-technological barriers. Technological barriers are device specific
and comprise design and development, construction, installation, operation and
survivability issues. The most important non-technological barriers [6] can be
divided into 6 groups :

e Regulatory issues: currently, it is still very difficult, expensive and time
consuming to obtain licences for the deployment of a farm of WECs. It
is hard to convince permitting authorities without field data. Furthermore,
several administrative departments need to be consulted to obtain the
necessary licences. The more departments involved, the more time is
required to obtain those licences. Processing all permits through one
department may accelerate the licensing process.

Several European countries (Portugal, Denmark, Ireland, UK, Spain and
France) provide sea trial facilities to overcome this barrier, as the necessary
licences are already obtained for these facilities. An overview of the existing
sea trial facilities can be found in [4].

e Financial incentives: research on wave power conversion started in the
70s in response to the oil crisis. As in the 80s government support was
removed, the progress was limited. The lack of early financial incentives
have slowed down the development of wave power conversion. It is clear
that substantial subsidies are needed as in the development phase costs
are very high compared to the economic benefits. Indirect (solutions to
discourage the use of fossil fuels) and direct (a.0. a guaranteed electricity
purchase price) measures can be used. Furthermore, financial incentives
should be clear and should be guaranteed during an adequate period to attract
investors.

e Infrastructure and logistics: in general, only weak transmission lines are
available in coastal regions. It is not always clear who will finance the
grid expansion, the offshore and onshore cabling and who will determine
the grid access for WECs. Moreover, specialised equipment is needed
to install WECs, which is also used in the oil, gas and offshore wind
industry. The limited availability of this equipment increases installation
costs. Some European sea trial facilities also provide a grid connection,
wave measurement buoys, a monitoring station and other facilities to limit
the costs in the development phase.

e Conflicts of use: a thorough study of the existing use of the maritime space
is needed before planning the deployment of WECs. Early communication
with the groups that might be affected, can prevent possible opposition.
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e Environmental issues: these issues comprise a.0. impact on fauna and
flora by installation of WECs, underwater noise, electromagnetic fields
around the WECs and the electrical cables, wake effects and leakage of
working fluids. Currently, knowledge about potential environmental impact
of a WEC is rather scarce. During early sea trials, these issues should be
investigated. For example, since 2005 the artificial reef effect of WEC
foundations at the Swedish west coast has been studied [7]. Not only the
impact of the WEC on the marine environment but also the fouling impact on
WECs have been investigated. So far, it has been observed that the dynamic
behaviour of the WEC has not been affected by fouling.

e Public perception: involvement of the public is very important to prevent
misunderstandings and opposition.

1.1.2 A farm of wave energy converters

To extract a substantial amount of wave power, wave energy converters are
arranged in several arrays or ‘farm’. WECs in a farm are interacting and the
overall power absorption! is affected. The first category of WECs, oscillating
systems, absorb power by simultaneously generating a wave [8]. The incident
wave is partly scattered and partly absorbed due to the destructive interference
with the generated (also called radiated) wave. Furthermore the performance of
neighbouring devices in a farm is influenced by the scattered incident wave and
radiated wave from the oscillating device and vice versa. On the other hand, WECs
based on the overtopping principle (second category) absorb power by capturing
the water volume of overtopped waves in a basin and creating a hydraulic head.
Consequently a wake is formed behind the WEC which affects the performance
of WEC:s installed in the wake. The redistribution of wave power in the farm is
different for both categories, as each category has its own specific way of absorbing
power.

The current knowledge about the redistribution of wave power inside and
behind a farm of WEC:sS is rather limited. So far, most studies concentrate on the
optimization of a single WEC, rather than optimizing a complete farm. To develop
a commercial technology, the impact of arranging WECs in a farm should be
investigated as well. In this PhD dissertation the lay-out of a farm is optimized to
decrease the cost per produced kWh. In the farm study three leading technologies
are used as an example: the Wave Dragon WEC, the FO® WEC and the Pelamis
WEC.

'The power absorbed by the farm (or power absorption of the farm) is defined as the power extracted
from the waves not taking any losses (a.0. conversion losses) into account. The power produced by the
farm (or power production of the farm) is equal to the power absorption multiplied with a reduction
factor to account for conversion losses. Transmission losses and losses due to planned and unplanned
maintenance are generally not incorporated in the term ‘produced power’, unless explicitly stated.
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e The Wave Dragon WEC

The Wave Dragon WEC is a floating converter of the overtopping type
(Figure 1.1(b)). Two wave reflectors focus the incident wave power towards
a ramp. The focussed waves run up the ramp and overtop in a water
reservoir above mean sea level (Figure 1.1(a)). The created hydraulic head
is converted into electricity when the stored water drains back to the sea
through hydro turbines.

overfcpping
reservoir

_L_D _J_I\

turbine Youtlet

(a) Overtopping principle

(b) 1:4.5 prototype at Nissum Bredning (Denmark)

Figure 1.1: Wave Dragon WEC (copyright Wave Dragon)

Each Wave Dragon unit will have a rated power between 1.5 and 11 MW [9]
depending on the local wave climate. Since 2003 an 1:4.5 prototype has
been tested at Nissum Bredning, an inland sea, connected to the North
Sea. The 1:4.5 prototype corresponds to a full scale prototype with a
rated power of 4 MW in a 24 kW/m wave climate. The operation of
the prototype is described in detail in [10]. The current focus for the
Wave Dragon technology is to build and deploy a multi MW unit [9]. A
European Commission project has started in May 2006 to develop this multi
MW Wave Dragon WEC. Furthermore, a Wave Dragon pre-commercial
demonstrator with a rated power of 4 to 7 MW is planned in Wales [11].
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Recently, the project development company TecDragon focuses on the
planning of a 50 MW farm of Wave Dragon WECs in Portuguese waters
[12].

e The FO3 WEC

The FO? WEC is a floating offshore converter (36 m x 36 m) which consists
of several (12 or 21) heaving point absorbers placed in a floating platform
[13]. This WEC is part of the first category.

(a) 1:3 laboratory rig in Norway

(b) Artist impression of a farm of FO? WECs

Figure 1.2: FO® WEC

The vertical motion of the point absorbers is converted to a rotational motion
by means of a hydraulic system. The rated power of a full-scale FO?® WEC
is estimated to 0.4-0.6 MW [5]. A complete laboratory platform at scale
1:3 (Figure 1.2(a)) was constructed at the Brevik ship yard in Norway and
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was launched in the sea in February 2005 off the southern coast of Norway.
While the original FO® point absorber concept was platform-based, the
results of the EU project SEEWEC (Sustainable Economically Efficient
Wave Energy Converter - contract n°: SES6-CT2005-019969) showed that
it was worthwhile to pursue an alternative based on a single point absorber
moored directly to the seabed rather than attached to a platform [5]. In
this PhD dissertation the original concept is used as an example. An artist
impression of a farm of FO® WECs is given in Figure 1.2(b).

e The Pelamis WEC

The Pelamis WEC [14] is a semi-submerged WEC of the first category.
The WEC consists of four cylindrical sections linked together by hinged
joints. The wave-induced motion of these joints is resisted by hydraulic
rams that pump high-pressure oil through hydraulic motors via smoothing
accumulators. These hydraulic motors drive electrical generators to produce
electricity. A full-scale prototype (120 m long, 3.5 m in diameter) with a
rated power of 750 kW was tested at the European Marine Energy Centre
(EMEC) [14] and is shown in Figure 1.3(a).

(a) Full scale prototype (EMEC - Scotland)

(b) Agucadoura wave farm (Portugal)

Figure 1.3: Pelamis WEC (copyright Pelamis Wave Power)



1-8 CHAPTER 1

Results from the prototype testing can be found in [15]. A farm of four
Pelamis WECs and the testing of a next generation Pelamis WEC are
planned at EMEC.

Currently the first farms of WECs are getting installed. In 2008, 3 Pelamis
WECs, each with a rated power of 750 kW, were installed in Agucadoura
(Portugal). This first wave farm is shown in Figure 1.3(b). At present, a breakwater
with 16 oscillating water columns (16 Wells turbines (Wavegen), each with a rated
power of 18.5 kW) is getting installed in Mutriku (North of Spain). Moreover,
three 250 kW Wells turbines (study of Massachusetts Institute of Technology and
Instituto Superior Tecnico) are incorporated in a breakwater at the mouth of the
Douro river (Portugal). Furthermore, most companies are planning to install a
small farm in the near future.

1.2 Objectives

This PhD research focuses on the study of a farm of wave energy converters.

@ power resources in the No@
£ 3
=

Figure 1.4: Objectives of this PhD research

The specific objectives of this PhD dissertation are shown in Figure 1.4:
1. Analysis of the wave power resources in the North Sea

Before calculating the possible production of a farm of WECs the available
wave power at the location of the farm should be known. The resources in the
North Sea, with main focus on the resources on the Belgian Continental Shelf,
are calculated by using wave data from buoy measurements and numerical wave
propagation models. Besides, suitable sites for the deployment of a farm of
Pelamis WECs are identified by using a GIS-based (Geographical Information
System) multi-criteria decision analysis. This first objective is dealt with in a first
part of this PhD dissertation.
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2. Impact of farm lay-out on power production

A second objective of this PhD work is to study the impact of the farm lay-out
on its power production. A numerical approach is developed to calculate the power
production of several lay-outs, with varying lateral and longitudinal distances
between the WECs. A distinction is made between both categories of WECs.
The physical process of power absorption is implemented for both categories in
a mild-slope wave propagation model. The wave power redistribution in and
behind a farm is modelled for different wave conditions (long-crested and short-
crested waves) and farm lay-outs. From the simulated wave power redistribution
in and around a farm of WECs the power absorption of various farm lay-outs
is derived. The numerical approach is validated through experimental tests and
numerical calculations and is applied to real prototype WECs. The study of the
power production of a farm is presented in a second part of this PhD dissertation.

3. Impact of farm lay-out on cost

Not only the power production but also the cost of a farm of WECs is lay-out
dependent. Mainly the cost of the electrical cables between the WECs in a farm is
affected by the farm lay-out. The costs of installation, operation and maintenance
are to a lesser degree dependent on the farm lay-out. An optimal cable network
is designed for different farm lay-outs of Wave Dragon WECs by minimizing the
cost of the cable network itself and the capitalized cost of expected constrained
energy from cable losses. Furthermore, an investment analysis for the installation
of a farm of Pelamis WECs in the southern North Sea is performed. The impact
of the location and the number of WECs on the farm investment are investigated.
Finally, the risk of the farm investment is determined. The cost of a farm of WECs
is described in detail in a third part of this PhD dissertation.

4. Optimum between power production and cost

Once the impact of the farm lay-out on the power production (second objective)
and cost (third objective) of a farm were quantified, an optimal balance between
the power production and cost of a farm is obtained. This is the main objective
of this PhD research. Final results are formulated in the third part of this PhD
dissertation.
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1.3 Outline

This PhD dissertation is divided into three parts.

A first part deals with the wave power resources and the spatial planning of
a farm of WECs. In chapter 2 the wave power resources in the North Sea are
presented. A geo-spatial multi-criteria decision analysis is performed in chapter 3.
The sensitivity of several factors on the site selection is discussed at the end of this
chapter.

A second part elaborates on the production of a farm of WECs. In chapter 4
the applicability of wave propagation models to study wake effects behind a farm
of WECs is discussed. In chapter 5, a mild-slope time domain model to study
the power production of a farm of WECs is presented: the technique of wave
generation, together with absorbing domain boundaries, is extended and validated.
Furthermore the physical processes, wave reflection and diffraction, are validated
with analytical solutions. In chapter 6, the implementation of a farm of WECs
in the mild-slope model and its validation are described. Chapter 7 and 8 present
each an application of the implementation of a farm of WECs: the study of wake
effects behind a farm of Wave Dragon WECs and FO® WECs, respectively.

A third part of this PhD dissertation deals with the economic study of a farm
of WECs. In chapter 9 the production and the cost of three lay-outs of a farm of
Wave Dragon WECs are assessed. An investment analysis of five possibilities to
install a farm of Pelamis WEC:s in the southern part of the North Sea is described
in chapter 10. In chapter 11 general conclusions and recommendations for further
research on a farm of WECs are formulated.

Eight appendices are included at the end of the dissertation. Appendix A
provides an overview of the publications of the author of this dissertation. A
derivation of the calculation of the wave power in regular and irregular waves
can be found in appendix B. The wave power resources on two locations on the
Belgian Continental Shelf are discussed in more detail in appendix C. The basic
equations of the mild-slope wave propagation model, used in this PhD dissertation,
are presented in appendix D. Appendix E gives an overview of the practical use of
the mild-slope equation model. Results of the implementation of the FO* WEC
in the mild-slope model for regular waves with a wave period of 4 s and 8 s are
given in appendix F. Details of the cable network cost of the considered lay-outs
of Wave Dragon WECs are presented in appendix G. A derivation of the Cost Of
Energy (COE) can be found in appendix H.
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Part I

Resources and planning






Wave power resources 1n the North Sea

2.1 Introduction

Oceans are an enormous source of energy. The overall resources (approximately
2 TW) are of the same order of magnitude as the world’s electricity consumption
[1]. The highest wave power is encountered off the western coasts in the 40° to
60° latitude range in the northern and southern hemisphere (Figure 2.1). Along the
West European coast the resources increase from approximately 30 to 40 kW per
meter of wave crest in front of the Norwegian and Portuguese coast up till more
than 70 kW/m along the Irish coast.

Till now the wave power resources are mainly studied in detail for regions with
a high wave energy density [2, 3]. However, even for regions with a rather limited
amount of available wave power (e.g. 10-20 kW/m) the global technical resource
is estimated to range from 23 till 114 GW [4].

The amount of available wave power is often considered the most important
characteristic to determine interesting locations for wave power conversion,
whereas the survivability of the converter is actually as important and should be
taken into account. In general a severe wave climate has a larger potential, but a
lot of difficulties related to the structural strength and the mooring of the device
are encountered. Therefore a milder wave climate is more convenient to produce
electrical power, certainly in this stage of development.
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Figure 2.1: World-wide estimate of wave power in kilowatt per meter of wave crest (Tom
Thorpe, 1999)

An overview of the wave power resources in sheltered and calmer European
waters is given in Table 2.1.

Table 2.1: Wave power in kilowatt per meter of wave crest in calmer European waters

Name of location =~ Wave power

[kW/m]
Baltic Sea [4, 5] 5
Swedish west coast [6] 2t06
Mediterranean sea [7] 1to6
North Sea [7] 11 to 60

The wave climate in the North Sea is less aggressive compared to open seas
and therefore more likely to assure the survivability of WECs. So far, only a
general overview of the wave power resources in the North Sea has been presented
[2, 3, 7]. A detailed study of the available wave power in the North Sea is given
in this chapter. The first section describes the wave climate and corresponding
wave power resource in a rather sheltered area in the North Sea i.e., the Belgian
Continental Shelf (southern part of the North Sea). In a second part the resources in
the North Sea are described on 34 locations by using available wave data from buoy
measurements or numerical wave propagation models. A more detailed spatial
distribution of the wave power potential in the southern part of the North Sea is
estimated with hindcasts of the WAM-PRO model [8] during 2003 and 2004. In
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the next chapter possible locations for wave power conversion in the North Sea are
selected. Not only the wave power resources, as studied in this chapter, are used
as a criterion but also technological requirements of the considered WEC, the cost
of installation, grid connection and Operation and Maintenance (O&M) and other
activities in the North Sea are considered.

2.2 Wave energy on the Belgian Continental Shelf

The Belgian Continental Shelf (BCS) is located in the southern part of the North
Sea and borders on the Dutch, French, and UK Continental Shelf (Figure 2.2). The
shelf is 3 600 km? in area and occupies only 0.5 % of the North Sea [9].

On average 12 TWh of wave power reaches yearly the BCS. This resource
corresponds with the yearly demand for electricity in Belgium. One needs to bear
in mind that not all available wave power can be converted to electricity. Several
losses and restrictions reduce the resource; (i) available space on the BCS, (ii) loss
of energy when waves are entering shallow waters, (iii) temporal and directional
trend of the resource, (iv) operational and survival specifications of the device and
(v) conversion losses, dependent on device and transmission specifications. These
mentioned losses may be considered as the most important ones. The losses and
restrictions related to the resource ((i), (i1), (ii1) and (iv)) are briefly discussed in
this section.

2.2.1 Activities on the Belgian Continental Shelf

Considering the current activities (e.g. ports, navigation routes, military practice
areas, extraction zones, pipelines, cables, offshore wind farm, ...) on the Belgian
Continental Shelf (Figure 2.2) it is clear that the space left for wave power
conversion is rather scarce. To select an optimal location to install a farm of WECs
in the remaining space, several criteria need to be considered: distances to shore,
grid connection and harbour, available water depth, geology, dimensions of the
selected locations, . .. Spatial and temporal conflicts need to be avoided through a
multi-criteria analysis (chapter 3).
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Continental Shelf (Sources: MUMM, Kustatlas, Marebasse [10]).
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2.2.2 Wave power near shore

2.2.2.1 Buoy locations

Waves are modified when they travel to the coast and enter in shallower waters.
The direction of waves changes when approaching the coast at an angle to the depth
contours. Furthermore, waves lose energy through bottom friction and depth-
induced wave breaking. On the Belgian Continental shelf wave measurement
buoys are installed in varying water depths on various distances from the coast.
The wave power resource on the BCS is estimated with wave data from these wave
measurement buoys. The properties of six wave measurement buoys (Westhinder,
ZW-Akkaert, Trapegeer, Oostende, Wandelaar, and Bol van Heist), used in this
study, are given in Table 2.2. The location of these buoys is shown on Figure 2.2.
The co-ordinates are given in the geographical reference system (longitude and
latitude) based on the Word Geodetic System 1984 (WGS 84).

Table 2.2: Properties of wave measurement buoys on the Belgian Continental Shelf used in

this study
Name of  Type of buoy  Longitude Latitude Wave data interval
location (WGS 84) (WGS 84)
Westhinder Wavec 2°26°52“E 51°23°12“N 1990-2004
ZW-Akkaert Waverider 2°48 “12“E 51°24 “29“N 1984-2004
Trapegeer ~ Waverider 2°34 °59“E 51°08 “15“N 1994-2004
Oostende(1) Waverider 2°55°‘14“E 51° 14 34 “N 1997-2002
Oostende(2) Directional 2°55 ‘14 “E 51° 14 ‘34 “N 2002-2005
Waverider
Wandelaar ~ Waverider 3°03 ‘02“E 51°23 “32“N 1995-2004
Bol van Heist Wavec 3°11°43“E 51°23°25“N 1985-2004

Three different types of buoys are installed: a Waverider, a Wavec and a
Directional Waverider [11]. A Waverider (Datawell) is a buoy floating on the
water surface that is measuring the vertical acceleration with an accelerometer
on a gravity stabilised platform. Double integration of the acceleration yields
the vertical displacement. The Waverider has a diameter of 0.9 m. The Wavec
(Datawell) concerns a disc-shaped buoy with a diameter of 2.5 m, and was the
first wave direction measuring buoy on the market. This buoy measures, besides
the vertical movement, the pitch and roll motions. Those parameters are derived
from the acceleration of the buoy, measured in three directions. To define the
direction relative to the geographical north, a three-dimensional compass is built in
the buoy. A Directional Waverider (Datawell) is a spherical buoy with a diameter
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of 0.9 m. This buoy measures the heave, sway and surge motions rather than the
heave, pitch and roll. This means that a more compact spherical hull could be
used as a measurement platform. Measurements with a Wavec and Directional
Waverider have an interval of 30 minutes, while a Waverider has only an interval
of 15 minutes.

Scatter diagrams, for the total measurement period of each buoy, are provided
by the Flemish Ministry of Transport and Public Works (Agency for Maritime
and Coastal Services - Coastal Division) for different wind directions. The scatter
diagrams show the average frequency of occurrence (in %) of different sea states
for one or more year(s) (or one specific month) and a given wind direction. A sea
state is defined by a combination of significant wave height H; and mean wave
period 75,.

The measurements of a Wavec and Directional Waverider are analyzed in
the spectral domain. In the scatter diagrams derived from these measurements
Hy = H,,0 and T}, = Typ0,2. The significant wave height H,, is derived using
equation (2.1).

HmO == 4\/777,0 (21)

with m the zeroth moment of the wave spectrum. 75,,¢ 2 is obtained using the
second moment of spectral density (equation (2.2)) and as a result may be sensitive
to high-frequency low energy variations in the wave spectrum.

m
Trmo2 = 1| — (2.2)

ma
Therefore sometimes 7}, or T¢, instead of 7},,0 2, is given in a scatter diagram.
The energy period 7% is defined as equation (2.3), and is equal to the spectral wave

period 15,1 0.

m_y

T, = Tm—l,O - (23)

mo

where m_; is the first negative spectral moment. 7, depends mainly on
the lower frequency band of the spectrum (that contains most of the energy)
and is therefore a more stable parameter than the traditional mean period 7,0 2
(equation (2.2)). The peak period T}, is the inverse of the peak frequency that
corresponds to the highest spectral density.

The analysis of the measurements with a Waverider are performed in the time
domain. In the derived scatter diagrams Hs = H;,3 and T;,, = T,. Hy3 is the
average wave height of the one-third largest waves in the record. The mean zero



WAVE POWER RESOURCES IN THE NORTH SEA 2-7

up-crossing period 77, is the ratio of the wave sampling period and the number of
zero up crosses in that period.

As an example the average annual scatter diagram for all wind directions at
Westhinder is shown in Table 2.3. H,-values are divided in intervals of 0.5 m and
T,,-values in intervals of 1 s (except for the first interval).

Table 2.3: Average annual scatter diagram for all wind directions at Westhinder, based on
measurements from 1-7-1990 until 30-6-2004 (Source: Flemish Ministry of
Transport and Public Works (Agency for Maritime and Coastal Services - Coastal
Division))

Ty [s] 0- 2.5- 3.5- 45- 5.5- 6.5- 7.5- >8.5 Sum
25 35 45 55 65 175 85

H, [m]
0.0-0.5 0.05 4.52 1233 4.07 0.55 0.06 0.01 - 21.58
0.5-1.0 0.01 6.12 20.51 838 191 03 002 - 37.25
1.0-1.5 - 029 11.63 898 1.83 0.27 0.02 - 22.02
1.5-2.0 - - 1.89 6.46 202 0.27 0.01 - 10.65
2.0-2.5 - - 0.04 2.67 2.00 042 001 - 5.14
2.5-3.0 - - - 0.57 1.17 05 0.02 - 226
3.0-3.5 - - - 0.04 046 0.26 0.04 - 0.8
3.5-4.0 - - - - 0.09 0.07 0.05 - 0.21
4.0-4.5 - - - - 0.02 0.03 0.02 - 0.07
4.5-5.0 - - - - - 001 - - 0.01
>5.0 - - - - - - - - -
Sum 0.06 1093 454 31.17 10.05 2.19 0.2 - 100

Based on the given scatter diagrams, the average annual available wave power
and its directional and temporal variation can be calculated.

2.2.2.2 Average annual available wave power

For each sea state in the scatter diagram! the energy transported per unit time
through an envisaged vertical strip of unit width, parallel to the wave front, or
the energy-flux or wave power p (W/m) is calculated with equation (B.16). The
derivation of equation (B.16) can be found in appendix B.

p=pg /0 Colf 1) S(F)df (B.16)

I'A sea state is defined by a combination of the central value of a Hs-interval and the central value of
a Ty, -interval in the scatter diagram. The central value of the Hs-interval or 75, -interval is considered
representative for the interval.
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where p represents the sea water density (= 1 026 kg/m?), g the acceleration
due to gravity (=9.81 m/s?), C,(f, h) the group velocity, S( f) the spectral density,
h the water depth and f the wave frequency. The spectral distribution of the energy
at the Belgian Continental Shelf can be described by a parameterized JONSWAP
spectrum (equation (2.4)) [12] with peak enhancement factor v = 3.3 and scaling
parameter o = 0.2044 .

ox _(f—fp)2 . 4
S(f)=aH: fy [y p( 27413 >exp (—5 (ﬁ) ) (2.4)

4 \f

where f, = Tip is the peak frequency. For a JONSWAP spectrum with v = 3.3,
T, = 1.29 T;,,. The spectral width parameter o equals 0.07 for f < f,, and 0.09 for
= Tp

The group velocity C,( f, h) is given by equation (B.15).

O,y (f, h) 1<gta h(kh))% L (B.15)
= — ( =tan —_— .
g 2 \k sinh (2kh)

where k is the wave number. The wave power of each sea state p is multiplied
with its frequency of occurrence FO given in the scatter diagram. Summation leads
to the average available wave power (per meter of wave crest) p (equation 2.5).

p=> p;FO, (2.5)
j=1

with n the number of sea states in the scatter diagram.

Table 2.4 shows the obtained average annual available wave power for the
selected locations on the Belgian Continental Shelf together with the mean water
depth and the shortest distance to shore.

Table 2.4: Average annual available wave power on the Belgian Continental Shelf

Name of Average annual Mean Shortest distance
location  available wave power water depth to shore
[kW/m] [m] [km]
Westhinder 4.64 29 32
ZW-Akkaert 3.64 23 20
Trapegeer 1.51 7
Oostende 1.66 6 1
Wandelaar 2.63 13 10

Bol van Heist 2.54 12 7
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The resource increases from 1.51 kW/m near the coast till 4.64 kW/m 32 km
offshore. The mean annual available wave power is also shown on Figure 2.2.
Note that it would be better to use the measured spectra in equation (B.16) instead
of assuming a parameterized JONSWAP spectrum. However, measured spectra
were not available for this study.

Scatter diagrams in [13], based on measurements between 1977 and 1986
result in an average annual available wave power of 5.05 kW/m at ZW-Akkaert
and 4.42 kW/m at Westhinder. The resource obtained with measurements between
1990 and 2004 is comparable to the resource calculated with measurements
between 1977 and 1986 at Westhinder. On the other hand, at ZW-Akkaert, a
larger wave power resource is observed with measurements between 1977 and
1986 compared to the resource based on measurements during 1984-2004. The
measurements from 1977 on are analysed in appendix C to explain the observed
difference.

The resource at the locations Westhinder (32 km offshore) and ZW-Akkaert
(20 km offshore) is studied in more detail in the next sections.

2.2.3 Temporal and directional trend of the available wave
power

In order to estimate the possible contribution of wave energy to the overall energy
supply the knowledge of the variation of the resource is of primordial interest.
Therefore the annual, seasonal, monthly and directional variation of the available
wave power is investigated.

2.2.3.1 Yearly variation

The yearly variation of the measured available wave power is given in Figure 2.3.
Also the average annual available wave power is indicated.

At Westhinder the minimum and maximum occur in 2003 (2.63 kW/m) and
1995 (6.76 kW/m). At ZW-Akkaert the minimum and the maximum wave
power values are slightly lower (2.58 kW/m in 1989 and 6.23 kW/m in 1984).
At both locations the maximum is more than the double of the minimum. A
comparable variation was seen on the Danish Continental Shelf [14]. The large
yearly variations in Figure 2.3 indicate that calculations of average available wave
power have to be based on wave statistics covering several years. In Figure 2.4 the
measurement period has been extended until 2008. By taking the measurements
during the last four years into account, the average annual available wave power
increases with only 1 %. Consequently the buoy measurements until 2004 give an
accurate overview of the available wave power on the Belgian Continental Shelf.
In further analysis wave data until 2004 are used.
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Il Westhinder 1990-2004
s 9r [ 1ZW-Akkaert 1984-2004
= —— Westhinder (average 4.64 kW/m)
E 8r - - -ZW-Akkaert (average 3.64 kW/m)]]
= 7
)
z o
o
o 5-
3
2 4r
)
o 3r
]
= 2
>
< 1 L
0
1985 1990 1995 2000
Year [-]

Figure 2.3: Yearly variation of the available wave power during the period 1990-2004 at
Westhinder and 1984-2004 at ZW-Akkaert
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Figure 2.4: Yearly variation of the available wave power during the period 1990-2008 at
Westhinder and 1984-2008 at ZW-Akkaert

2.2.3.2 Monthly variation

The variability of the wave power resource on daily, weekly, monthly and seasonal
timescales is a very important factor when planning a farm of wave energy
converters. Sites with a moderate and steady wave power resource may be more
attractive than sites with a more energetic but less reliable wave power resource.
Furthermore, some WECs can be tuned for maximum efficiency in predefined
ranges of wave height and wave period. The efficiency of the WEC can decrease
significantly in a highly variable wave climate. In Figure 2.5 the monthly variation
of the average available wave power is presented.

At ZW-Akkaert, the available wave power from September till February is
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higher than the average annual wave power. The average wave power during
the latter period is approximately 4.76 kW/m. During the period March through
August the average is approximately 2.60 kW/m. At Westhinder, the average
available wave power from October till March equals approximately 6.14 kW/m,
while only 3.22 kW/m is on average available from April till September.

To conclude, the resource in autumn and winter is approximately double the
resource in spring and summer at both locations. Most wave power is available
when the demand for energy is the largest, contrary to solar energy.

Il Westhinder 1990-2004
'E‘ 9r [ ]ZW-Akkaert 1984-2004
= —— Westhinder (average 4.64 kW/m)
E 8r - - -ZW-Akkaert (average 3.64 kW/m)]|
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o
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>
< 1 |-
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Month [-]

Figure 2.5: Monthly variation of the available wave power during the period 1990-2004 at
Westhinder and 1984-2004 at ZW-Akkaert

The yearly variation of the measured wave power in February and August
during the period 1990-2004 at Westhinder is given in Figure 2.6.
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Figure 2.6: Yearly variation of the available wave power in February and August during
the period 1990-2004 at Westhinder
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No data were registered during August 1992 and February 1993. The ratio
between the maximum wave power and minimum wave power in February and
August is 12.69 and 4.40, respectively. The wave power is much more variable
during winter, as large storms take place in winter. Note that measurement
equipment is more likely to fail in winter. So even higher waves than the measured
ones may OcCcCur.

2.2.3.3 Directional variation

For wave direction dependent WECs and farms of WECs also the directional
variation of the average annual available wave power has to be taken into account.
A direction dependent WEC and a farm of WECs will be orientated towards the
wave direction which contributes the most to the yearly average available wave
power. Wave direction dependent WECs are preferably installed on a location
where waves are mainly propagating in one direction, as the power production
will be higher. To estimate the power output of a farm the directional variation
of the wave climate is needed, as for some wave directions several WECs will be
located in the shadow of neighbouring WECs (chapter 6).

Wave roses are shown in Figure 2.7(a) and Figure 2.7(b). The segments of the
wave roses show the relative frequencies of mean wave directions in each sector.
Sixteen sectors (each 22.5°) are considered.” Each segment is divided into power
ranges.

Wave direction ] Wave direction [
0 0

270 270

180 180
Wave power [kW/m] Wave power [kW/m]
DO<=10 O<=10
=>10- 20 =>10- 20
=>20 - 30 =>20 - 30
=30 =30
(a) Westhinder 1990-2004 (b) ZW-Akkaert 1984-2004

Figure 2.7: Wave rose at (a) Westhinder and (b) ZW-Akkaert

2For example, the sector north (N) contains waves with a mean wave direction in the interval
[-11.25°,11.25°].
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In all directions the contribution of the low energetic (< 10 kW/m) waves is
dominant. From the sector east till south no high energetic (> 30 kW/m) waves
occur. For both locations the prevailing wave direction is southwest. Also the
neighbouring sectors contain a large part of the total average annual available wave
power as shown in Figure 2.8. The dominant direction contains approximately
20 % of the average available wave power. 40 % is coming from the dominant and
neighbouring sectors.

1.2
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Figure 2.8: Contribution of the wave sectors to the average annual available wave power

The wave roses are based on the assumption that wind and wave direction
coincide. Therefore the difference between the direction of the high frequency
waves (wave period between 2 s and 5 s) and wind direction is studied with
measurements between 07/07/1990 and 30/04/2008 at Westhinder (Figure 2.9).

Wave direction [°]

150 200 250 300 350
Wind direction [°]

Figure 2.9: Comparison between the direction of the high frequency waves (wave period
between 2 s and 5 s) and the wind direction
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In general good agreement between both directions is observed. When wave
and wind direction differ, swell dominated waves instead of wind dominated
waves occur. The mean value of the difference between the direction of the high
frequency waves 0,4 and the wind direction 0ing, Abyw = 180 — |180 —
|0wind — Owave||» equals 29°. The wind direction is measured by two sensors near
Westhinder. Both sensors give the same value of Af,,,,. The standard deviation of
A, equals 37°.

In [15] the frequency of occurrence of wind and wave sectors at the location
Westhinder have been compared (measurements between September 1995 and
August 2005). The result is shown in Figure 2.10.
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Figure 2.10: Frequency of occurrence of wind sectors and wave sectors at Westhinder

The wave sectors ESE till S occur less than half of the wind sectors ESE till
S. The wave sectors SW and WSW occur more (factor 1.5) than expected from
the wind sectors. For the other sectors smaller differences are observed. As
wave directions have only been measured at Westhinder and not at ZW-Akkaert,
wind directions have been used to compare both locations. The reader of this
PhD manuscript should keep these differences between wind direction and wave
direction in mind.

2.2.4 Wave climate specification

A wave energy converter is designed for a predefined wave climate and can
produce power in a specific range of H, and 7;,. Moreover, the efficiency of
the WEC depends on H, and 7;,. Some WECs do not produce power in small
waves (Hs; < 1 m). On the other hand not all power in the higher waves will be
captured depending on the design limit of the electro-mechanics. Consequently a
part of the available wave power will not be converted to electricity. Furthermore,
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a wave energy converter will have to withstand storm conditions. A detailed study
of the operational and design wave conditions is necessary.

2.2.4.1 Operational wave conditions

The average annual distribution of the significant wave height H, and the mean
wave period T),, is shown in Figure 2.11 respectively Figure 2.12. The central
value of each H,- and T,,-class (Table 2.3) is indicated on the axes in Figure 2.11
and Figure 2.12.
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Figure 2.11: Distribution of significant wave height Hs at Westhinder and ZW-Akkaert
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Figure 2.12: Distribution of mean wave period T, at Westhinder and ZW-Akkaert

Significant wave heights between 0.5 m and 1 m occur most frequently at both
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locations. Only WECs that produce power in these smaller waves are suitable for
installation on the BCS. The contribution of waves higher than 3 m is negligible
(< 1 %). Significant wave heights higher than 5 m never occurred during the
measurement period. The last two findings confirm the moderate wave climate on
the BCS, as compared to the large oceans (e.g. near Scotland H till 11 m [7]). At
Westhinder the most common wave periods vary between 3.5 s and 5.5 s whereas
at ZW-Akkaert wave periods between 2.5 s and 4.5 s are dominating. At the two
locations wave periods between 3.5 s and 4.5 s occur most frequently. The working
range of the WEC should contain these periods in order to produce power on the
BCS.

2.2.4.2 Design wave conditions

So far the focus has been on operational (productive) wave conditions, but to assure
the survivability of wave energy converters, also survival wave conditions should
be studied.

Design wave conditions for those circumstances are obtained based on mea-
sured H,-values by using a Peak Over Threshold (POT) analysis [16]. A Weibull
distribution is used to calculate H-values for low probability of occurrence. The
significant wave height corresponding to a return period of 100 years equals 6.5 m
at ZW-Akkaert and 6.6 m at Westhinder. The corresponding peak period varies
between 10 and 12 s. On the Danish Continental Shelf H - and T}-values with a
return period of 100 years up to 12 m and 14 s are found [14]. It is clear that the
wave climate on the Belgian Continental Shelf is less severe which is, with regard
to survivability, an advantage. On the other hand the mean annual available wave
power is smaller compared to the Danish Continental Shelf (table 2.9).

It is also interesting to calculate the ratio between the extreme and mean
significant wave height. This ratio is a rough measure for the feasibility of a wave
energy project, as the extreme significant wave height determines the investment
cost and a part of the operational costs while the mean significant wave height
represents the resource and the income [1]. A high extreme wave height results
in higher costs as the WEC needs to withstand large storms. A high mean wave
height corresponds to a higher amount of available wave power and consequently
higher power production and income. A low ratio (small difference between
extreme and mean significant wave height) is preferred. In that case, the extreme
significant wave height is relatively small compared to the mean significant wave
height. So, the costs are relatively small compared to the income. The ratio
between the extreme and mean significant wave height is calculated for the Belgian
(Westhinder [16]), Dutch (ELD [17]) and Danish Continental Shelf (Point 3 [14]).
These locations are given in Table 2.8 and indicated on Figure 2.15. The extreme
significant wave height is defined as the wave height corresponding to a return
period of 100 years. The mean significant wave height H, is the weighted average
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of wave heights in the obtained scatter diagrams (equation 2.6).
H, = Z H, ;FO;, (2.6)
j=1
with n the number of significant wave heights given in the scatter diagram.

Table 2.5: Ratio between extreme and mean significant wave height

Name of Ratio between extreme and
location mean significant wave height [-]
Westhinder 6.43

ELD 6.42

Point 3 6.03

From Table 2.5 it is observed that this ratio is comparable for the three
locations. From this first rough measure a preferable area for the installation of
a farm of WECs cannot be determined.

It is clear that not all offshore available wave power can be converted to
electricity. Sections 2.2.1, 2.2.2, 2.2.3 and 2.2.4 illustrated the limited available
space for wave power conversion on the BCS, the average annual available wave
power near shore, the temporal and directional trend of the available wave power
and the operational and design conditions on the BCS. Furthermore, conversion
and transmission losses will even further reduce the possible electricity production.

In the next section characteristic sea states for design and testing of WECs are
presented for the locations Westhinder and ZW-Akkaert.

2.2.5 Characteristic sea states

Characteristic sea states are defined to limit the number of sea states given in
a scatter diagram. The reduced number of sea states are derived as a weighted
average of the total number of sea states and are therefore a good representation
of the wave climate on the Belgian Continental Shelf. Characteristic sea states
can be applied during the initial design of wave energy converters and preliminary
power production calculations. The use of characteristic sea states results in a fast
but still accurate manner for preliminary design. For detailed design more site
specific measurements and data are needed. On the selected sites omni-directional
characteristic sea states are defined. For each significant wave height with an
average annual frequency of occurrence higher than 1 % a weighted average period

T, 1s calculated (equation 2.7).
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T =Y T ;FO, (2.7)
j=1
with n the number of wave periods 7),, in the scatter diagram. A relation
between 7. and T, has been derived based on a parameterized JONSWAP
frequency spectrum with = 3.3, T,= 1.16 T},,. All characteristic sea states with
their wave power and frequency of occurrence are given in Table 2.6 and Table 2.7
for Westhinder and ZW-Akkaert, respectively.’

Table 2.6: Characteristic sea states at Westhinder

Location Westhinder

Mean water depth [m] 29

Distance to shore [km] 32

Average annual available wave power [kW/m] 4.64

H with a return period of 25 years [m] 5.29

Sea State 1 2 3 4 5 6
H [m] 0.25 075 1.25 1.75 225 2.5
T [s] 4.69 487 535 5.89 645 6.93
Wave power p [kW/m] 0.15 139 429 942 17.48 28.86

Frequency of occurrence FO [%] 21.58 37.25 22.02 10.65 5.14 2.27

Table 2.7: Characteristic sea states at ZW-Akkaert

Location ZW-Akkaert
Mean water depth [m] 23

Distance to shore [km] 20

Average annual available wave power [kW/m] 3.64

H, with a return period of 25 years [m] 5.01

Sea State 1 2 3 4 5 6
Hj [m] 0.25 0.75 1.25 1.75 2.25 2.5
Te [s] 359 4.08 473 532 5.88 6.37
Wave power p [kW/m] 0.11 1.16 3.80 8.59 16.02 26.73

Frequency of occurrence FO [%] 24.02 38.46 20.97 9.81 4.23 1.66

Also the mean water depth, distance to shore, average annual available wave
power* and the significant wave height with a return period of 25 years are given.

3Note that the wave period T, of the characteristic sea states is the weighted average period T.
“Note that this value is based on the entire scatter diagram. The average annual available wave
power based on the limited number of characteristic sea states will be smaller.
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This wave height has been estimated by extrapolating a Weibull distribution of the
exceeding probability of the observed data on each location.

More than 50 % of the time, the significant wave height on both locations is
smaller than 1 m. Figure 2.13 shows the contribution (p FO) of the different sea
states to the average annual available wave power at Westhinder and ZW-Akkaert.
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Figure 2.13: Contribution of the different sea states to the average annual available wave
power

Although the lower sea states occur less frequently at Westhinder compared
to ZW-Akkaert, the contribution of the lower sea states to the average annual
available wave power is higher at Westhinder, due to the higher mean periods in
the sea states (see Table 2.6 and 2.7). For Westhinder the frequency of occurrence
of the sea states and the contribution, in terms of percentage, of each sea state
to the average annual available wave power are presented in Figure 2.14. The
contribution of the lower sea states to the average annual available wave power is,
despite the high frequency of occurrence, rather low.

When planning wave power extraction on the BCS, a detailed study on the
planned location is needed. The characteristic sea states, presented in this PhD
dissertation, should only be used for first design. The final design should be based
on measured spectra at the site.

The reader should be aware that only average statistics have been presented
in this study, as no measured spectra were available. As discussed in [18], the
measured spectrum is important to estimate the power output of a WEC. For
example, when an energy trough exists between swell and wind components that
coincides with the eigenfrequency of the device, the produced power is very small.
The latter energy trough will not be present in the parameterized JONSWAP
spectrum.
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Figure 2.14: Occurrence frequency and contribution to the average annual available wave
power of the defined sea states at Westhinder

2.2.6 Possibilities for wave energy conversion on the Belgian
Continental Shelf

The wave power resource on the Belgian Continental Shelf is highly affected by
the sheltering effect of the UK. The propagation of large swells from the Northern
Atlantic in the North Sea is partly prevented by the UK. Only 4.64 kW/m (yearly
average) is available at the most energetic buoy location. On the other hand the
wave height corresponding to a return period of 100 years is estimated to be
approximately 6.6 m, which is advantageous for solving the problem of assuring
the survivability of WECs. With the current knowledge and technology the Belgian
Continental Shelf is a suitable area for testing scale models and WECs designed
for smaller Hy and 7). The mild wave climate allows testing of scale models
with a ‘scaled severe wave climate’. Furthermore, the relatively cheap scale model
(compared to testing a prototype) can be installed without large vessels and can be
easily accessed. When the technology of wave energy conversion improves, the
efficiency of wave energy conversion in smaller waves will increase. Depending
on the amount of improvement and on the cost of energy, wave energy conversion
on the Belgian Continental Shelf can contribute to the renewable energy supply in
Belgium.

In the next section the resource on the Belgian Continental Shelf will be
compared to the resource on the other continental shelves in the North Sea.
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2.3 Wave energy in the North Sea

2.3.1 Analysis of available data

The North Sea (Figure 2.15) is an inland sea of the Atlantic Ocean in Northwest
Europe with an average water depth of 94 m. The North Sea is located between the
European continent (Denmark, Germany, The Netherlands, Belgium and France),
the Scandinavian peninsula (Norway) and the UK, with a surface of 575 000 km?.
On Figure 2.15 different sites are indicated with numbers. On those sites wave
measurement equipment is installed or wave data are available through numerical
calculations. The data on those locations are used to quantify the wave power
resource in the North Sea. A list of the available data, together with their
geographical co-ordinates and data source is given in Table 2.8.
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Figure 2.15: Average annual available wave power in kilowatt per meter of wave crest and
water depth in the North Sea. The different sites are indicated with a number. More
information on each site is given in Table 2.8 and Table 2.9.
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Table 2.8: Available wave data in the North Sea
Name of Longitude Latitude Research on which
location (N°) (WGS 84) (WGS 84) data is based

Belgian Continental Shelf

Westhinder (1) 2°26¢52“E  51°23°12“N Physical data (1990-2004)
ZW-Akkaert (2) 2°48 “12“E  51°24°29“N  Physical data (1984-2004)
Trapegeer (3) 2°34°59“E  51°08°15“N  Physical data (1994-2004)
Oostende (4) 2°55°14“E  51°14°34“N  Physical data (1997-2005)
Wandelaar (5) 3°03°02“E  51°23°32“N  Physical data (1995-2004)
Bol van Heist (6) 3°11°43“E  51°23°25“N  Physical data (1985-2004)
Dutch Continental Shelf

ELD (7) 04°39°42“E 53°16°37“N Physical data (1979-2002)
EUR (8) 03°16°“35“E  51°5955“N  Physical data (1979-2002)
K13 (9) 03°13°13“E  53°13°04“N  Physical data (1979-2002)
LEG (10) 03°40 11 “E  51°55°33“N  Physical data (1979-2002)
MPN (11) 04°17 “46“E 52°16 “26“N  Physical data (1979-2002)
SON (12) 06°10°00“E 53°35°44“N  Physical data (1979-2002)
SWB (13) 03°18“24“E 51°44°48“N  Physical data (1979-2002)
YMG6 (14) 04°03°30“E 52°33°00“N  Physical data (1979-2002)

German Continental Shelf

Fino-Borkumriff (15) 6 ° 20 ¢ 06 “E

53°46 ‘54 “N

Physical data (2003-2005)

Helgoland (16) 7°53°39“E  54°09 ‘27“N  Physical data (1990-2004)
NSBII (17) 6°20°00“E  55°00°00“N  Physical data (1994-2004)
Westerland (18) 7°54°12“E  55°00°00“N  Physical data (2002-2005)
Danish Continental Shelf

Point 1 (19) 7°40°00“E  55°10°00“N MIKE 21 OSW (1979-1993)
Point 2 (20) 6°45°00“E  55°20°00“N MIKE 21 OSW (1979-1993)
Point 3 (21) 5°50¢00“E 55°30°¢00“N MIKE 21 OSW (1979-1993)
Point 4 (22) 5°955°00“E  56°30°00“N MIKE 21 OSW (1979-1993)
Point 5 (23) 6°50°00“E 57°10°00“N MIKE 21 OSW (1979-1993)
Point 6 (24) 8°00°00“E 57°30°00“N MIKE 21 OSW (1979-1993)
Fjaltring (25) 8°05°00“E 56°30°00“N  Physical data (1979-1993)
Norwegian Continental Shelf

Point1160 (32) 7°36°00“E  57°30°00“N WINCH model (1971-2000)
Point1261 (33) 5°06°00“E  58°30°00“N WINCH model (1971-2000)
Utsira (34) 4°49°12“E 59°18°00“N Physical data (1974-1986)
Ekofisk (26) 3°15°00“E  56°35°00“N  Physical data (1979-1993)
UK Continental Shelf

Shetland (27) 1°54°00“W  60°49 48 “N UK Wave Model (2000-2004)
Orkney (28) 3°925°12“W  59°30°00“N UK Wave Model (2000-2004)
Moray Firth (29) 1°45°00“W  58°10°12“N UK Wave Model (2000-2004)
Marr Bank (30) 1°45¢00“W 56 ° 2324 “N UK Wave Model (2000-2004)
Fair Isle (31) 3°00°00“W  60°00°00“N WAM (1987-1994)

The average annual available wave power on the indicated sites is calculated

with the data provided through scatter diagrams. Table 2.9 shows the obtained
average annual available wave power for the selected locations in the North Sea
together with the mean water depth and the shortest distance to shore.
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Table 2.9: Average annual available wave power in the North Sea

Name of Average annual Mean Shortest distance
location (N°) available wave power water depth to shore
(kW/m] [m] (km]
Belgian Continental Shelf
Westhinder (1) 4.64 29 32
ZW-Akkaert (2) 3.64 23 20
Trapegeer (3) 1.51 7 4
Oostende (4) 1.66 6 1
Wandelaar (5) 2.63 13 10
Bol van Heist (6) 2.54 12 7
Dutch Continental Shelf
ELD (7) 9.86 26 31
EUR (8) 7.04 32 36
K13 (9) 10.80 30 88
LEG (10) 6.13 21 15
MPN (11) 5.42 18 8
SON (12) 7.44 19 16
SWB (13) 5.57 20 20
YMG6 (14) 8.68 21 32
German Continental Shelf
Fino-Borkumriff (15) 11.60 27 35
Helgoland (16) 591 20 43
NSB II (17) 17.55 42 118
Westerland (18) 4.47 18 44
Danish Continental Shelf
Point 1 (19) 7 20 64
Point 2 (20) 12 31 100
Point 3 (21) 16 39 150
Point 4 (22) 17 40 150
Point 5 (23) 14 58 100
Point 6 (24) 11 166 68
Fjaltring (25) 7 20 4
Norwegian Continental Shelf
Point1160 (32) 23.60 200 57
Point1261 (33) 32.52 270 43
Utsira (34) 23.12 200 21
Ekofisk (26) 24 71 300
UK Continental Shelf
Shetland (27) 42 200 30
Orkney (28) 33 90 27
Moray Firth (29) 19 112 55
Marr Bank (30) 11 57 52
Fair Isle (31) 61.47 100 70

In sections 2.3.1.1, 2.3.1.2, 2.3.1.3, 2.3.1.4 and 2.3.1.5, the resource on the
Dutch, German, Danish, Norwegian and UK Continental Shelf is discussed.
Omni-directional characteristic sea states are defined for a location on the Dutch,
German, Danish, Norwegian and UK Continental Shelf, approximately 30 km
offshore with a water depth of approximately 30 m (indicated in bold in Table 2.8
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and Table 2.9). The reader should keep in mind that the number of sea
states depends on the number of Hg-intervals in the obtained scatter diagrams.
Furthermore when available, a wave rose and the contribution of different wave
sectors to the average annual available wave power are given for the characteristic
locations (Dutch, German and Danish Continental Shelf).

2.3.1.1 The Dutch Continental Shelf

Table 2.9 shows the average annual available wave power on the Dutch Continental
Shelf. The available wave power ranges from 5.4 kW/m, 8 km offshore, to
approximately 10 kW/m, 30 km offshore (ignoring the location K13 which is
situated far offshore). The wave power resource is approximately twice as high
as on the Belgian Continental Shelf. Characteristic sea states are defined for the
location Eierlands Gat (ELD) (Table 2.10). Significant wave heights smaller than
1 m occur 40 % of the time and higher significant wave heights occur, compared
to the Belgian Continental Shelf. On the other hand H with a return period of 25
years is higher as well.

Table 2.10: Characteristic sea states on the Dutch Continental Shelf

Location ELD

Mean water depth [m] 26

Distance to shore [km)] 31

Average annual available wave power [KW/m] 9.86

H, with a return period of 25 years [m] 7.84

Sea State 1 2 3 4 5
, [m] 05 15 25 35 45
T, [s] 472 558 644 729 8.13
Wave power p [kW/m] 0.60 6.56 21.85 5047 95.87

Frequency of occurrence FO [%] 40.65 39.42 14.09 429 1.17

Figure 2.16(a) shows the dominant wave directions. Again it is assumed
that wave and wind direction coincide. FEight sectors of 45° are taken into
consideration. The waves are coming most frequently from the sectors west
and southwest, while the sector west contributes the most to the yearly average
available wave power (Figure 2.16(b)). More waves are coming from the west
and the share of the high energetic waves is increased, compared to Westhinder.
Table 2.9, Table 2.10 and Figure 2.16 are based on scatter diagrams provided by
the National Institute for Coastal and Marine Management (Rijkswaterstaat).
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Figure 2.16: (a) Wave rose and (b) contribution of wave sectors to the average annual
available wave power at ELD

2.3.1.2 The German Continental Shelf

The Federal Maritime and Hydrographic Agency (BSH) provided scatter diagrams
on 4 locations of the German Continental Shelf. Table 2.9, Table 2.11 and
Figure 2.17 are based on those scatter diagrams. Table 2.9 shows the average
annual available wave power on the German Continental Shelf. The resource
varies between approximately 4.5 and 12 kW/m (between 35 and 44 km offshore).

Table 2.11: Characteristic sea states on the German Continental Shelf

Location Fino-Borkumriff

Mean water depth |[m] 27

Distance to shore [km|] 35

Average annual available wave power [kW/m] 11.6

H with a return period of 25 years [m] 8.21

Sea State 1 2 3 4 5 6 7 8
Hj [m] 0.25 0.75 1.25 1.75 225 2.75 3.25 3.75
Te [s] 4.15 4.67 5.53 595 6.21 6.59 7.55 8.16
Wave power p [kW/m| 0.13 1.35 4.50 9.57 16.77 27.73 45.39 66.54

Frequency of occurrence FO [%] 9.14 27.31 22.62 18.55 10.25 5.08 3.35 1.63

Fino-Borkumriff meets the conditions for characteristic location on the Ger-
man Continental Shelf (Table 2.11). The wave power resource and the occurrence
frequencies of the characteristic sea states are comparable to those on the Dutch
Continental Shelf. Figure 2.17(a) shows a wave rose on the characteristic location.



2-26 CHAPTER 2

Note that wave directions, and no wind directions, are provided in these scatter
diagrams. Most waves are coming from the sectors west, northwest and north,
while the yearly average available wave power in the sector northwest is the
highest (Figure 2.17(b)). Note that the scatter diagrams at Fino-Borkumriff and
Westerland are only based on measurements during 2 and 3 years, respectively.
Consequently the wave power resource can be underestimated or overestimated.
When available, a longer measurement period should be taken into account.
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Figure 2.17: (a) Wave rose and (b) contribution of wave sectors to the average annual
available wave power at Fino-Borkumriff

2.3.1.3 The Danish Continental Shelf

Table 2.9 shows the average annual available wave power [19] on the Danish
Continental Shelf. On six locations (Point 1 till 6) the wave climate is calculated
by DHI (Dansk Hydraulisk Institut) with the wave propagation model Mike 21
OSW (DHI), based on wind data from the European Centre for Medium-Range
Weather Forecasting (ECMWF) for the period from 1/1/1979 till 31/12/1993.
The model was calibrated with wave measurements at two locations: Ekofisk
(Norwegian Continental Shelf) and Fjaltring [19]. On the Danish Continental
Shelf the resource is varying from 7 kW/m near the coast to 17 kW/m far from
shore (150 km). The resource near the coast is slightly higher than the near shore
resource on the Dutch Continental Shelf. Generally it can be concluded that the
average annual available wave power is comparable to the resource on the Dutch
and German Continental Shelf.

Characteristic sea states are given in Table 2.12. The characteristic sea states
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are defined for a location 150 km offshore, because this location is used as
a standard in Denmark [20] and no data approximately 30 km offshore were
available. The high distance to shore of this point should be taken into account
when comparing the resource with other locations. The impact of the distance to
shore on a farm investment is studied in chapter 10. Note that Point 1 is located
closer to shore. On the other hand, the water depth at Point 1 is rather small.

Table 2.12: Characteristic sea states on the Danish Continental Shelf

Location Point 3

Mean water depth [m] 39

Distance to shore [km] 150

Average annual available wave power [kW/m] 16

H, with a return period of 25 years [m] 10.21

Sea State 1 2 3 4 5
Hg [m] 1 2 3 4 5
T. [s] 484 599 7.1 802 8.6
Wave power p [kW/m|] 248 1243 3354 69.56 124.22

Frequency of occurrence FO [%] 46.8 226  10.8 5.1 2.4

Approximately 50 % of the time H is smaller than 1.5 m. The frequency of
occurrence of the smaller waves is still very high.

The method to calculate the characteristic sea states used in [20] differs from
the method used in this PhD dissertation. Instead of calculating a weighted average
of T}, for each H, the average of the two neighbouring 7,,-values with the highest
frequencies of occurrence is determined for each Hs. For most sea states the
difference in 7T}, is small.

Figure 2.18(a) shows the dominant wave directions at Point 3, based on the
scatter tables in [19]. Wave directions, as calculated in the wave propagation
model, are taken into account. Most of the waves are coming from the northwest.
All sectors have a contribution of high energetic waves. The sector west has the
highest contribution to the yearly average available wave power (Figure 2.18(b)).
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Figure 2.18: (a) Wave rose and (b) contribution of wave sectors to the average annual
available wave power at Point 3

2.3.1.4 The Norwegian Continental Shelf

Scatter diagrams at four locations on the Norwegian Continental Shelf were
available for this PhD research. Scatter diagrams in two hindcast data points on
the Norwegian Continental Shelf are provided by the Norwegian Meteorological
Institute. Air pressure fields for the period 1955-2005 are fed into a wind model
and the resulting wind fields are used by a second generation wave prediction
model (WINCH model - calibrated with buoy data from 1980). Until June 1987
the pressure fields were taken from digitized weather maps. From July 1987 on,
the pressure fields have been obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF). In one location (Utsira) on the Norwegian
Continental Shelf a scatter diagram based on buoy measurements between 1974
and 1986 can be found in the WERATLAS [7]. Finally, a scatter diagram at the
location Ekofisk, which was used to calibrate the wave propagation model Mike
21 OSW (see 2.3.1.3), could be used as well. Table 2.9 shows the average annual
available wave power on those four locations on the Norwegian Continental Shelf.
The resource in front of the Norwegian coast is very high (as compared to other
parts of the North Sea), since the Norwegian Continental Shelf is hardly shaded by
the UK. The mean annual available wave power varies between approximately 23
and 32.5 kW/m.

At the Norwegian coast the water depth 30 km offshore is higher than
approximately 30 m. Utsira is chosen as characteristic location (Table 2.13).
Only 20 % of the time the significant wave height is smaller than 1 m. Data
on the distribution of the mean wave direction are available at the Norwegian
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Meteorological Institute.

Table 2.13: Characteristic sea states on the Norwegian Continental Shelf

Location Utsira
Mean water depth [m] 200
Distance to shore [km] 21
Average annual available wave power [kW/m] 23.12
H with a return period of 25 years |[m] 10.60
Sea State 1 2 3 - 5
H; [m] 05 125 175 225 275
T, [s] 7.13 744 7.69 804 839
Wave power p [kW/m| 0.88 5.76 11.69 20.20 31.49
Frequency of occurrence FO [%] 19.70 21.80 17.10 12.90 9.40
Sea State 6 7 8 9 10
H; [m] 325 375 425 475 525
T. [s] 8.80 9.01 9.09 951 9.96
Wave power p [kW/m] 46.17 62.78 81.31 106.17 137.56

Frequency of occurrence FO [%] 6.40 4.20 2.70 1.60 1.20

2.3.1.5 The UK Continental Shelf

Through the UK Waters Wave Model [21], operated by Met Office, three-hourly
wave data for the period from 29 March 2000 through 9 November 2004 for a total
of 95 grid points around the UK were obtained. In [22] scatter diagrams and the
average annual available wave power on 10 grid points from the UK Waters Wave
Model are given. Only 4 of those 10 grid points are located in the North Sea. Note
that the simulation period of 4.5 years is still relatively short. In one location (Fair
Isle) a scatter diagram based on directional spectra from WAM (Third Generation
Wave Model) between 1987 and 1994 can be found in the WERATLAS [7].

Table 2.9 shows the average annual available wave power on those 5 locations
of the UK Continental Shelf. It is clear that the northern part of the North Sea has
a larger wave power resource (Shetland, Orkney and Fair Isle). Only the resource
at Marr Bank is comparable to the available wave power on the Dutch, German
and Danish Continental Shelf.

Characteristic sea states are given in Table 2.14. Marr Bank satisfies the
conditions for characteristic location. Significant wave heights smaller than 1 m
occur approximately 30 % of the time. Data on the distribution of mean direction
at Marr Bank can be found in [22].
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Table 2.14: Characteristic sea states on the UK Continental Shelf

Location Marr Bank

Mean water depth [m] 57

Distance to shore [km|] 52

Average annual available wave power [kW/m] 11

H with a return period of 25 years [m] 12.4

Sea State 1 2 3 4 5
H [m] 0.5 1.5 2.5 3.5 4.5
Te [s] 539 6.11 7.17 837 9.28
Wave power p [kW/m| 0.67 691 2278 53.71 101.09

Frequency of occurrence FO [%] 31.2 451 159 45 1.3

2.3.1.6 Comparison between the continental shelves

The near shore wave power resource on the Dutch, German, Danish and southern
UK Continental Shelf is comparable (between approximately 4.5 and 12 kW/m)
and in general higher than the resource on the Belgian Continental Shelf. The
resource on the northern UK and Norwegian Continental Shelf is higher than the
resource in the southern North Sea. A maximum of 61.47 kW/m is observed
(Table 2.9).

In general there is a shift in frequency of occurrence to higher significant waves
when going more northwards in the North Sea. On the other hand H, with a return
period of 25 years increases as well. The wave period corresponding to a specific
significant wave height is comparable on the Belgian, Dutch, German and Danish
Continental Shelf, whereas the wave period on the UK and Norwegian Continental
Shelf is slightly higher. When comparing Figure 2.7(a), 2.16(a), 2.17(a) and
2.18(a) an increasing share of high energetic waves (> 30 kW/m) and a shift in
prevailing wave direction from southwest till north, northwest is observed.

2.3.1.7 Comparison with the resources of the West European coast

In general the wave power resource in the North Sea is rather small compared
with the resource in front of the West European coast (40 - 70 kW/m). Near
shore (< 30 km), less than approximately 12 kW/m is available, not only on the
Belgian Continental Shelf, but also on the Dutch, German, Danish and southern
UK Continental Shelf. Only the resource in the northern part of the North Sea
(maximum 61.47 kW/m) is comparable with the one of the West European coast.
On the other hand the wave climate is less aggressive and this feature makes the
North Sea attractive for wave power conversion.

So far only buoy measurements and limited numerical wave propagation
results (Denmark, Norway and UK) were studied to characterize the wave climate
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in the North Sea. In general, the analysis of buoys is more accurate than the results
of numerical wave propagation models, but buoys are not always located on sites
of interest. Therefore calculations with a numerical wave propagation model are
needed.

2.3.2 Spatial distribution of the available wave power

Numerical wave propagation models are used to define the wave characteristics
in near shore locations when the characteristics in deep water are known. Wave
propagation models are usually classified in two types, i.e. phase-averaged spectral
models and phase-resolving time domain models. Spectral models describe the
evolution of the wave energy spectrum (energy balance equation) in space and
time while time domain models calculate the sea surface as a function of time
(conservation of mass and momentum equations). Time domain models may be
categorized into models based on (i) the linear mild-slope and (ii) the nonlinear
Boussinesq equations. The mild-slope equations describe the transformation
of linear water waves when propagating from deep to shallow water while the
Boussinesq equations (e.g. MIKE 21) predict the propagation of nonlinear waves
with high accuracy, especially in shallow water, but are computationally very
demanding.

The calculation time of phase-averaged spectral models is limited compared
to phase-resolving time domain models. Therefore results in a large area can
be obtained in a relatively fast way with a phase-averaged spectral model.
Furthermore the spectral wave energy distribution contains sufficient information
to determine the most important wave parameters [8]. Third-generation spectral
wave models (e.g. WAM) solve the energy balance equation, accounting in
deep water for sink-source terms as the energy input by wind, transfer of energy
input by wind at high frequencies to lower frequencies by non-linear wave-wave
interactions and the dissipation due to wave breaking (white-capping) and bottom
friction. In shallow water and in the presence of currents, wave energy is not
conserved. Therefore in that case the balance equation is written in terms of
the action density. In addition other sink mechanisms come into play as depth-
induced breaking and triad wave-wave interactions (e.g. SWAN [23]). Triad wave-
wave interactions are significant for steep waves in shallow water and involve the
transfer of energy to higher frequency components, resulting in waves with sharper
crests and flatter troughs. An overview of the evolution from first-generation till
third generation spectral wave models is given in [24].

In this section hindcasts of the wave model WAM-PRO [8], a version of the
WAM model [24] adapted to run efficiently with high resolution in near shore
applications, have been used to estimate the wave power resource in the southern
part of the North Sea during 2003-2004 [25].
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The WAM-PRO model is driven by analyzed wind fields from the United
Kingdom Meteorological Office (UKMO), delivered by The Management Unit of
the North Sea Mathematical Models (MUMM). The wind fields have a resolution
of 1.25° and a time step of 6 hours. The grid domain covers the entire North Sea
and part of the Norwegian Sea in order to capture swell waves generated at the
northern boundary. To reduce calculation time on the one hand and to obtain a
detailed resolution grid in the southern North Sea on the other hand, two nested
grids have been used [26]. The grids together with the bathymetry and UKMO
wind fields grid are shown on Figure 2.19 and the grid characteristics are given in
Table 2.15.
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Figure 2.19: North Sea Grid and Southern North Sea Grid [26]. Gray continuous lines are
bathymetric contour lines at the indicated depths given in meters. The dotted grid
lines correspond to the UKMO wind fields grid.

The bathymetric data used correspond to the CSM Bathymetry derived from
the digitalization of navigation charts [27]. The calculated wave data were stored in
12 826 grid points every 3 hours. The number of frequencies used to described the
wave spectrum is 25 and the number of directions is 12, with the lowest frequency
equal to 0.0418 Hz>. The propagation time step is 600 s for the coarse grid and
200 s for the fine grid and the source time step equals 600 s for both grids.

5Flrequency resolution: f;1=1.1f;
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Table 2.15: WAM nested grid characteristics

North Sea Southern North Sea

Resolution [°]  [km] [°] [km]
Latitude resolution 1/3  36.6 1/15 7.2
Longitude resolution 12 477 1/10 8.7
Coordinates [°] [°]
Most northern latitude 71.17 55.50
Most southern latitude 12.25 48.50
Most eastern longitude 47.83 9.25
Most western longitude 12.25 2.75

Buoy data at Westhinder, Bol van Heist, K13 and Fino-Borkumriff (respec-
tively location number 1, 6, 9 and 15 on Figure 2.15), have been used to validate
the WAM-PRO calculations. Measured time series of H,,o and 1. have been
compared to the calculated time series with WAM-PRO. At Fino-Borkumriff only
measured time series of H,,¢ and T}, during 2004 were available. T, has been
calculated from 7}, with T, = % [11]. The comparisons are shown in the scatter

plots of Figures 2.20, 2.21, 2.22 and 2.23.
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Figure 2.20: Scatter plot between measured and calculated significant wave height H 0
and mean wave period T at Westhinder during 2003-2004
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Figure 2.22: Scatter plot between measured and calculated significant wave height H o

and mean wave period Te at K13 during 2003-2004
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Figure 2.23: Scatter plot between measured and calculated significant wave height H 0
and mean wave period T at Fino-Borkumriff during 2004

The following statistical parameters are calculated to compare the WAM-PRO
calculations and the buoy measurements: the average value of the simulated data
and the buoy data, the bias, the Root Mean Square Error (RMSE), the Scatter Index
(SI) and the Pearson’s correlation coefficient r. If x; represent the measured values
(buoy data), y; the simulated values (WAM data) and n the number of observations,
the mentioned statistics can be defined with [28]:

D e Ti

T = T (2.8)
g= —Zizl Ui (2.9)
Bias — izt (i — %) (2.10)
n
n 2
RMSE — 1/ 2i=1 (j;i —Yi) 2.11)
gp = RMSE (2.12)
X
S (e 2) (i 9) .

. \/Z?:l (i — 5)2 2?21 (yi — ?3)2

The values of these statistical parameters are given in Table 2.16
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Table 2.16: Statistical parameters for Hp,o and Te for the locations Westhinder, Bol van
Heist, K13 and Fino-Borkumriff. x, i, Bias and RMSE are given in meters for
H,, 0 and seconds for T..

Name of location n z Y Bias RMSE SI r
buoy WAM
[-] [mors] [mors] [mors] [mors] [-] [-]
Westhinder 4193 H,,o 0.90 0.78 -0.09 0.30 0.33 0.83

4410 T, 4.94 4.72 -0.16 0.76  0.15 0.56

Bol van Heist 4973 H,,0 0.67 0.62 -0.04 0.29 042 0.78
4947 T, 4.58 4.66 0.07 0.84 0.18 0.59

K13 5565 H,,o 145 1.35 -0.10 0.39 0.27 0091
5565 T, 6.06 5.39 -0.63 1.08 0.18 0.81

Fino-Borkumriff 1483 H,,, 1.47 1.20 -0.13 0.34 0.23 0.88
1483 T, 5.51 5.56 0.03 0.63 0.11 0.76

In general a good agreement between buoy and model data is seen (Fig-
ures 2.20, 2.21,2.22 and 2.23). The correlation coefficient is relatively high, except
for T, at Westhinder and Bol van Heist. Scatter indices are about 40 % and lower
for the significant wave height and lower than 20 % for the energy period. At
each location the calculated wave height is a little smaller than the measured wave
height (negative bias). At K13 the energy period is under predicted (bias = -0.63).

The available wave power at each grid point (Figure 2.24) is estimated by
using the hindcasts of the WAM-PRO model (during 2003 and 2004) and a deep
water approximation of equation (B.16), equation (B.18).° The derivation of
equation (B.18) can be found in appendix B.

2
Py 2

= grr B.18
64m ° ( )

It should be mentioned that the resulting spatial variation of the average annual

p

available wave power is only based on 2 years of hindcasts. In [29] a good spatial
variation in wave power was obtained with data from only 2 years with a sampling
rate of 5 days. Therefore when studying Figure 2.24 main attention should go to
the spatial variation of the wave power and not to the absolute values themselves,
as it was observed in Figure 2.4 that the available wave power during those two
years was rather low at Westhinder and ZW-Akkaert.

By using the deep water approximation of equation (B.16), the wave power resources in shallow
water near the coast are a little underestimated.
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It is clear that the average annual available amount of wave power increases
further offshore and further north in the North Sea.
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Figure 2.24: Average annual available wave power in kilowatt per meter of wave crest in
the southern North Sea

2.4 Conclusions

The wave power resource in the North Sea has been studied in detail in this chapter.
Available wave data from buoy measurements and numerical wave propagation
models have been analysed on 34 locations. The available wave power ranges from
less than 5 kW/m in the southern part of the North Sea till more than 60 kW/m
in the northern part. The wave power resource in the southern part is highly
affected by the sheltering effect of the UK. Only 4.64 kW/m is available at the
most energetic buoy location on the Belgian Continental Shelf (Westhinder). On
the other hand WECs installed in this less severe wave climate are more likely
to survive storm conditions. A detailed spatial distribution of the available wave
power in the southern North Sea has been obtained with hindcasts from the WAM-
PRO model during 2003 and 2004.

An in-depth study of the wave power resource on the Belgian Continental Shelf
has revealed its temporal and directional variation. A high yearly and seasonal
variation has been observed. The resource in autumn and winter is approximately
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twice the resource in spring and summer. The sectors west-southwest, southwest
and south-southwest contain approximately 40 % of the average annual available
wave power. Further, operational and design wave conditions have been specified.
With the current knowledge and technology the Belgian Continental Shelf is a
suitable area for testing scale models and WECs designed for smaller wave heights
and wave periods. The mild wave climate allows testing of scale models with
a ‘scaled severe wave climate’. Furthermore, the relatively cheap scale model
(compared to testing a prototype) can be installed without large vessels and can be
easily accessed.

Finally omni-directional characteristic sea states have been defined for the
Belgian, Dutch, German, Danish, Norwegian and UK Continental Shelf. This
limited number of sea states can be considered during initial design of a WEC
to get a fast and general picture of its power production in the North Sea. When
planning to install a WEC or a farm of WECs in the North Sea, a more detailed
study of the wave climate on the planned location is needed.
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Geo-spatial multi-criteria decision
analysis

3.1 Introduction

Not all sites in the North Sea are suitable to deploy a farm of wave energy
converters. As seen in the previous chapter, the wave power resource is highly
depending on the location. In general, the resource increases from the southern to
the northern part of the North Sea and locations further from the coast contain
more energy compared to near shore locations. A steady, reliable and high
wave power resource is preferred. Also the technological specifications and
limitations of a wave energy converter affect the choice of a suitable site for
deployment. Moreover, the cost of several aspects of a farm such as installation,
grid connection and operation and maintenance are influenced by the location.
Finally, environmental and social conflicts should be avoided when planning a
farm of wave energy converters.

To select a good location to deploy a farm of wave energy converters a
comparative assessment between minimal cost and maximal production of a
farm should be made while avoiding spatial and temporal conflicts. A detailed
life-cycle-cost analysis would indicate the optimal location for wave energy
conversion. However, this analysis is too time demanding for a large spatial
domain and experience from existing farms of WECs is too scarce. Therefore in
this chapter a geo-spatial Multi-Criteria Decision Analysis (MCDA) is performed
to identify possible locations for wave energy conversion in the southern part of



3-2 CHAPTER 3

the North Sea. In this MCDA several factors are weighted against each other.
A Geographic Information System (GIS) is used for the spatial data analysis and
serves as a framework for the MCDA.

In [1] an overview of GIS-based MCDA approaches since 1990 is given. A
GIS-based MCDA has intensively been used to select a good location for wind
farms [2, 3] and more recently for farms of wave energy converters [4, 5]. Criteria
used in such a MCDA consist of constraints and weighted factors (Figure 3.1).
Constraints (a.0. marine protected areas) impose restrictions on the studied area
and do not allow exploitation of a farm of wind turbines or wave energy converters.
Factors (a.o. distance to the electricity grid) are evaluated for their impact on the
installation of a farm (score c¢;) and are weighted according to their relevance
(weight ;). As a result, a number indicating the suitability of a location is
obtained for each location.

constraints

Wi k— a [ factor1
W2 F—{ @ [— factor2

) ﬁ : % factori
C
most suitable area Wi 1
Wa M cn % factor n

Figure 3.1: Methodology of GIS-based MCDA

In [5] the influence of a relaxation of the applied constraints on possible areas
for wave energy conversion and on grid connection cost has been studied. The
number of locations that could be connected to the electricity grid for less than
M$10 increased by 33 % and 50 % [5] when the cable could be installed in
a national park or could traverse a cliff, respectively. In [2] a comparison has
been made between the remaining suitable areas for a farm of wind turbines
when applying equal weights to the selected factors and weights according to
their relative importance (varying weights). The method with the varying weights
resulted in a slightly higher geographical extent of the most suitable sites. In the
MCDA in this chapter the relative importance of the selected factors is estimated
and the impact of the weights is quantified through a sensitivity analysis.

In a first section of this chapter the methodology of the GIS-based MCDA 1is
described in detail and applied to the deployment of a farm of Pelamis WECs in the
southern North Sea, in particular on the Belgian, Dutch and German Continental
Shelf (respectively BCS, DCS and GCS). The impact of the restrictions and the
weights of several factors on the suitable locations is studied in section 3.3. Finally,
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in section 3.4 the accuracy of the MCDA is discussed.

3.2 Determination of suitable locations for wave
power conversion in the southern North Sea

In this PhD dissertation the GIS-based MCDA is performed in the ArcGIS
(ArcInfo 9.2) software. The data used for the MCDA are shown in Table 3.1.
All data are imported and analysed in ArcGIS in a vector structure (points, lines
and polygons).

3.2.1 Constraints

First, the studied area is reduced by eliminating zones which have to be excluded
because of their existing and restricting user functions. Only the constraints on
the Belgian Continental Shelf were available in digital format (Table 3.1). The
other constraints were acquired from paper charts. These paper charts were
scanned, geo-referenced to WGS84 and digitized (vectorized) into points, lines
and polygons.

The constraints implemented in the analysis are shown on Figure 3.2. The
constraints on the Belgian Continental Shelf are given in more detail on Figure 2.2.
The constraints include:

e Navigation routes, anchorage areas, dredging zones and dumping
zones: the North Sea has one of the highest traffic circulations in the
world. The dedicated zones have to be permanently accessible for vessels
and cannot be used for other purposes. To decrease the risk of collision, a
buffer of 500 m at both sides of the navigation routes and anchorage areas is
taken into account. Dredging zones are located near harbours to increase the
accessibility of the harbour. These zones coincide with navigation routes.
As the influence of small dumping zones on the installation of a farm of
WEC:s is not clear, these zones are excluded as well.

e Marine protected areas: these areas should not be considered in the
analysis because they are restricted for the protection and maintenance of
biodiversity.
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Table 3.1: Summary of implemented data
Data use Data description Data source
Define study area Borders BCS, DCS and MUMM/(BCS)
GCS Rijkswaterstaat (DCS)
BSHAGCS)
Define study area, Borders surrounding Automotive Navigation Data
constraint, factor countries (Global Road Data)
Constraint Navigation routes MUMM (BCS)
Rijkswaterstaat (DCS)
BSH (GCS)
Constraint Anchorage place MUMM (BCS)
Rijkswaterstaat (DCS)
Constraint Dredging zones MUMM (BCS)
BSH (GCS)
Constraint Dumping zones MUMM (BCS)
Rijkswaterstaat (DCS)
BSH (GCS)
Constraint Marine protected areas MUMM (BCS)
BSH (GCS)
Constraint Extraction zones MUMM (BCS)
Rijkswaterstaat (DCS)
BSH (GCS)
Constraint Military practice zones MUMM (BCS)
Rijkswaterstaat (DCS)
BSH (GCS)
Constraint Ammunition zones MUMM (BCS)
Rijkswaterstaat (DCS)
BSH (GCS)
Constraint Platforms Rijkswaterstaat (DCS)
BSH (GCS)
Factor Scatter diagrams Chapter 2
Factor Grid connections [6] (BCS)
TenneT (DCS)
GENI(GCS)
Factor Bathymetry British Geological Survey (BGS)
Factor Geology Admiralty charts
Factor H, 25y Chapter 2
Factor Ports ESPO*

! Management Unit of the North Sea Mathematical Models
2 Bundesambt fiir Seeschiffahrt und Hydrographie

3 Global Energy Network Institute

* European Sea Ports Organisation
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e Extraction zones for sand, gravel and sea shells: these areas are mostly
concentrated along the Dutch coast. Any exploitation of wave energy is
excluded in these areas. In Belgium, specific areas allocated to sand or
gravel extraction can be shifted to another zone based on a concession of
the federal minister of economic affairs. In the following, these zones will
be excluded completely. It could be interesting to study the suitability for
wave energy conversion of these areas as well. If one of these zones turns
out to be a good location, a request for moving an extraction zone can be
made. One should note that the movement of an extraction zone requires a
lot of administrative work before the possible installation of a farm can take

place.
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Figure 3.2: Overview of all constraints (excluded for further analysis)

e Military zones (military practice and ammunition areas): military
practice zones are regularly used for firing exercises. Because of the high
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risk of accidents in the vicinity of military and ammunition zones, a buffer
of 500 m is implemented around these zones.

¢ Platforms (gas and oil rigs): to avoid collisions between a wave energy
converter and a platform and to guarantee the accessibility of a platform a
buffer of 250 m around each platform is taken into account.

e 12-mile zone: installation of a farm of WECs in a buffer of 12 miles off
the shore depends on federal legislations. In Nobre et al. [4] this zone is
excluded. Initially a buffer of 12 miles off the shore is excluded from further
analysis in this study. According to Maes [7] the installation of a farm of
WEC:s is allowed in the 12-mile zone. Therefore in section 3.3.4 the impact
of permitting the installation of a farm of WECs in the 12-mile zone, on
interesting locations for wave power conversion is discussed.

In [4, 5] zones with submarine cables and pipelines (and 500 m buffer) are
avoided as well as these cables can be broken by anchoring or trawling. In the
North Sea a lot of cables and pipelines are installed. Too many sites would
be excluded by considering the zones with submarine cables and pipelines as a
constraint. Therefore these zones have not been excluded in this work. Once
optimal sites for the deployment of WECs have been selected, precautions against
the damage of submarine cables and pipelines should be taken. Note that the
crossing of cables and pipelines should be avoided when installing the electricity
cable between the farm and the coastline as a crossing requires special precautions
and causes a higher grid connection cost (chapter 10). The crossing of cables
could be an extra factor in the MCDA. In this PhD dissertation this factor is not
considered (section 3.2.2).

Zones with shipwrecks are also not taken into account in [5]. As a lot of
shipwrecks are on the bottom of the North Sea, these zones are not excluded in this
study. Again precautions need to be taken when shipwrecks occur in interesting
locations for wave power conversion.

Further, zones with offshore wind farms are not excluded, as a combination of
a farm of WECs and a farm of wind turbines could be possible. Combining both
types of renewable energy may have several advantages [8]:

e Higher availability of produced power when swells continue after the wind
has declined

e A more steady supply of power to the grid

e Lower grid connection cost by sharing the same transmission cable. A
concession for the installation of the transmission cable to land is needed
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when installing a farm of WECs. It is not known which areas are excluded
in advance.

e [ower operation and maintenance costs (chapter 9)

e Smaller required area and environmental impact for the same power produc-
tion

In the considered study area no ice accretion is observed. Consequently
possible damage of wave energy converters due to ice should not be considered.
When performing this analysis in other regions this constraint may be important.

All the considered constraints are finally merged in one map (Figure 3.2). An
overview of all constraints is given in Figure 3.3. These locations will not be
considered for further analysis.

Military zones Buffer of 500 m Military zone
+ buffer

Navigation Navigatio
routes, ... Buffer of 500 m routes, ...

+ buffer

Platforms
Buffer of 250 m + buffer Layer with
all constraints

!

arine
protected
areas

Extraction
zones

12-mile zone

il

Figure 3.3: Methodology to obtain a layer with all constraints

3.2.2 Weighted factors

The remaining area is evaluated by use of factors. The significance of factors is
quantified by means of scores and weights. The location of the shoreline, grid
connections and harbours and the bottom type were acquired from paper charts for
the considered area. The bathymetry was available in digital format. The following
factors have been taken into account:

1. Produced power: the produced power is the most important feature as
the ultimate goal is the production of a substantial amount of power at an
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acceptable cost. The time averaged mean power produced by a WEC, as a
function of the incident wave climate (sea state), is given in a power matrix.
The mean annual produced power is obtained by multiplying the produced
power in each sea state with its frequency of occurrence, given in a scatter
diagram (chapter 2), and summing up the results. The Pelamis WEC has
been taken as an example in this study, as it is the only WEC of which
information on the cost components of a farm is publicly available [9, 10].
This information allows a better estimation of the relative weights of the
considered factors (section 3.2.4). Furthermore, a power matrix of the
Pelamis WEC, with a rated power of 750 kW, is available as well [9]. Note
that the Pelamis WEC is not the most suitable WEC for the southern North
Sea, as the production in smaller waves (< 1.5 m) is rather low. The power
produced by a single Pelamis WEC is considered as a factor. Note that
losses due to planned and unplanned maintenance of the Pelamis WEC and
transmission losses are not taken into account. The mean annual power
produced by a single Pelamis WEC in the study area is shown on Figure 3.4.
The Create Thiessen Polygons tool in ArcGIS has been used to transfer the
results on discrete locations to a continuous surface. A Thiessen polygon is
a polygon whose boundaries define the area that is closest to a buoy location
relative to all other buoy locations. The value of the produced power on a
buoy location is assigned to the whole area covered by the polygon.

30'0"E 6°0'0"E 90'0"E
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Figure 3.4: Mean annual produced power by a single Pelamis WEC
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In Nobre et al. [4] the available wave power and the ranges of available wave
heights and wave periods have been considered as three separate factors.
The available wave power should be as high as possible while the available
wave heights and wave periods should lie within the working limits of the
device. These three factors are combined in the factor produced power, as
considered in this PhD work. The higher the produced power the more the
site is suitable for wave power conversion.

The production of a farm depends on the number of installed WECs and on
the lay-out of the farm, which are both depending on the dimensions of the
available area. The obtained interesting locations with this MCDA, should
be studied in more detail to determine which location (and consequently
farm) results in the smallest cost per produced kWh.

The estimation of the produced power, using scatter diagrams on a finer
spatial grid, resulting from numerical wave simulations (chapter 2 - sec-
tion 2.3.2), would be more accurate. As only hindcast data during 2003 and
2004 have been used to calculate the available wave power, as presented on
Figure 2.24, it is chosen to use the widely spaced data from wave buoys
and to create Thiessen polygons to cover the entire study area in this PhD
dissertation.

2. Distance to shore: an important cost of a farm of WECs is the electrical
cable connection to land (chapter 10). A location with a small distance to
shore is preferred. The Multiple Ring Buffer tool has been used in ArcGIS
to visualize the distance to the coast (Figure 3.5).

3. Distance to grid connection: once the installation of a submarine cable is
executed, a land cable has to be installed towards the nearest and serviceable
grid connection on land. The distance has to be minimized to keep
installation and cable costs onshore as low as possible. Figure 3.6 shows
the distance to the grid, again obtained with the Multiple Ring Buffer tool.
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Figure 3.5: Distance to shore
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4. Distance to nearest harbour: the distance to the nearest harbour takes
partially the installation costs of the devices and the (un)scheduled main-
tenance and repair costs in consideration. A shorter distance is preferred.
The harbours shown on Figure 3.7 have been considered. The Multiple Ring
Buffer tool applied on the harbours results in Figure 3.7.
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Figure 3.7: Distance to harbour

5. Extreme wave conditions: extreme conditions entail problems during
installation, maintenance and repair, and can cause damage or failure during
the operation of a WEC. The extreme wave condition is defined in this
chapter as the significant wave height that occurs once in 25 years H o5,.
This wave height has been estimated by extrapolating a Weibull distribution
of the exceeding probability of the observed data on each location. A
less severe wave climate is preferred. Figure 3.8 shows the extreme wave
conditions after using the Create Thiessen Polygons in ArcGIS.

6. Bimonthly variation of available wave power: the bimonthly variation of
available wave power indicates whether the wave climate is steady and reli-
able. A high variation in available wave power is not desired. On the DCS,
the average available wave power during the months January-February,
March-April, May-June, July-August, September-October, November- De-
cember is determined on all buoy locations. On the BCS the monthly
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available wave power was calculated (Figure 2.5) at Westhinder and ZW-
Akkaert. On the GCS no data were available.
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Figure 3.8: Extreme wave conditions (H s 25y)

A bimonthly variability index (BV') is defined, analogously with the
seasonal and monthly variability index defined in [11].

pBMmax jpBMmzn (31)
p

BV =

with pgay,,,. the average available wave power of the two successive most
energetic months, pgpays,,,, the average available wave power of the two
successive less energetic months and p, the yearly average available wave
power. With the Create Thiessen Polygons tool Figure 3.9 is obtained.

When BV is small the wave climate is less variable. When BV equals 1, the
difference between available wave power in the most energetic months and
in the least energetic months is equal to the yearly average available wave
power. It is observed that the bimonthly variability index increases when the
buoys are located further from shore and more northerly in the North Sea.
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Figure 3.9: Bimonthly variability index (BV)

7. Water depth: the installation of a submarine cable and the type of
anchorage system of a WEC depend on the available water depth. Fur-
thermore some WECs require a minimal water depth for operation. The
available water depth in the study area is shown in Figure 3.10.

8. Geology / bottom type: the bottom type (Figure 3.11) influences installa-
tion of submarine cables and the type of anchorage system for a wave energy
converter. Installation in sand is easier compared to gravel.

The MCDA is restricted to the eight factors mentioned above. Additional
factors, with a small impact, could be considered in future analysis:

e Crossing submarine cables: more crossings will increase the installation cost
of the transmission cable.

e Guaranteed electricity purchase price in Belgium, Germany and the Nether-
lands.

e Directional variation of the wave climate: when designing the farm lay-
out this aspect should be taken into account, as wake effects are direction
dependent (part I1). Wake effects may decrease the power production of
several WECs in the farm.
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Figure 3.11: Bottom type
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e Tides: some WECs perform worse in areas with high tides.

e Impact on other user groups: installation of a farm of WECs may have a
visual impact, may create noise or may change the wave conditions (wake
effects). For example, in [12] the conflict with the surfing community and
industry caused by a possible wave height decrease through the installation
of a 20 MW wave energy facility off the coast of Cornwall (UK), is
discussed.

e Time to install and maintain a farm: high waves can prevent installation and
maintenance.

3.2.3 Scores

Scores ¢; describe the suitability of one single factor ¢. Values range between 0
(worst case) and 100 (best case). The scores ¢; of some factors (a.0. water depth)
depend on the type of converter.

The score for the factor distance to the shore varies between 100, if the distance
is smaller than 10 km, and O, if the distance equals 400 km (maximum distance
from shore in the study area). A linear interpolation is made for the distances
ranging from 10 km to 400 km. The closer the farm of WECs is installed to the
coast, the smaller the installation, maintenance and grid connection costs. Since
no detailed information is available of the variation of these costs with distance to
coast, a linear correlation is assumed.

The same approach is used for the factors produced power, distance to grid,
distance to harbour, extreme wave conditions and bimonthly variation of available
wave power. The values of these factors, corresponding to ¢; = 0 and ¢; = 100
are given in Table 3.2. Note that a larger interval for distance to harbour is used
as the costs affected by the distance to the harbour will differ less within 50 km,
compared to the costs that are influenced by the factors distance to the shore and
distance to the grid.

Table 3.2: Values of the factors 1 till 6 with score ¢; = 0 and ¢; = 100

Factor c¢;=0 ¢; =100
(1) Produced power 9kW 145 kW
(2) Distance to shore 400 km < 10 km
(3) Distance to grid 400 km < 10km
(4) Distance to harbour 400 km < 50 km

(5) Extreme wave conditions 9.5m < 6.5m
(6) Bimonthly variation 1.125 0.875




3-16 CHAPTER 3

The Pelamis WEC can produce power in waves with a Hg up to 6.5 m.
Therefore it is assumed that the Pelamis WEC can withstand storms with
Hg = 6.5 m without special precautions. The factor extreme wave conditions is
in this case equal to 100. Each location with Hj 25, which exceed this threshold
(6.5 m) has a lower score as these significant wave heights impose higher loads on
the WEC. The author wants to underline that the maintenance costs will increase
with increasing wave height. Consequently a variation of the score for H,-values
smaller than 6.5 m should be considered as well. As the differences in maintenance
costs in smaller and higher waves are not known, this aspect has not been taken
into account in this work.

As in Nobre et al. [4], a discrete relation has been attributed to the factor bottom
type (Table 3.3). The same scores as in the study of Nobre et al. [4] are used.

Table 3.3: Scores c; for factor 8, bottom type

Geology ¢; [-]

Finesand 100
Coarse sand 80
Mud 20
Gravel 10

The ideal working depth of the Pelamis WEC is 50 m. A depth of 50 m or
more is considered as the perfect working depth and has the maximum score of
100. The scores are given in Table 3.4.

Table 3.4: Scores c; for factor 7, water depth

Water depth [m] c¢; [-]

0 0

5 0

10 0

15 10
25 40
35 70
45 90
50 100
55 100
60 100

A low score has been ascribed to depths ranging from O m till 10 m, and the
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highest scores have been assigned to depths ranging from 50 m to 60 m. The
installation cost of the submarine cable and the type of anchorage system is also
depth dependent. However, as the depth in the considered area is only varying
between 0 m and 60 m, only very small differences in these costs will occur. When
more detailed information about the minimal working depth of the Pelamis WEC
becomes available, a score equal to zero should be attributed to areas with a smaller
water depth.

3.2.4 Weights

A comparison between the different factors is quantified by means of weights W;.
Weights define the importance of one factor compared to another factor. The sum
of all weights equals 100. The selection of weights attributed to each factor is one
of the most contentious tasks in the planning process. Different decision groups,
like investors and researchers, will attach great importance to different factors.
Furthermore, the attribution of weights is device dependent. One WEC compared
to another may be for example far more sensitive to extreme wave conditions. This
means that a higher weight will have to be assigned to this factor.

The weights can be determined by using literature investigation [4], cost
calculations or pairwise comparison. An average weight based on these three
methods is calculated in this section to increase the reliability of the applied
weights. The weights, used in Nobre et al. [4], are considered as a first set of
values for W;. Secondly, each factor is related to specific costs. The factor extreme
wave conditions for example has an impact on the maintenance, repair, installation
and insurance costs of a wave energy converter. The percentage of the latter costs
in the total cost is defined as the weight for the factor extreme wave conditions.
The costs analysed in chapter 10 have been used to estimate the weights. And
finally, in a third method, the weights IV; have been estimated based on a pairwise
comparison for the relative importance of both factors [13]. Ratings are provided
on a 9 point continuous scale [14] (Table 3.5).

The ratings are entered in a pairwise comparison matrix (Table 3.6). Since
the matrix is symmetrical only the lower triangular half actually needs to be
filled. The remaining cells are the reciprocals of the lower triangular half. For
example, factor 1 (produced power) is 3 times more important (or moderately
more important) than factor 3, distance to the grid connection (Table 3.6). One
should note that the estimation of the relative importance of the different factors is
implicitly related to cost. The author wants to stress that the pairwise comparison,
presented in this work, should be based on discussions with all involved parties
when planning to install a farm of WECs.
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Table 3.5: Continuous rating scale [14]

Scale of importance

1/9

1/5

extremely less important
1/7 very strongly less important
strongly less important
1/3  moderately less important
equally important

3 moderately more important
5 strongly more important

7 very strongly more important
9  extremely more important

Table 3.6: Definition of weights by pairwise comparison (Factor 1: produced power,
Factor 2: distance to shore, Factor 3: distance to grid connection, Factor 4:
distance to nearest harbour, Factor 5: extreme wave conditions, Factor 6:
bimonthly variation of available wave power, Factor 7: water depth, Factor 8:

geology)
Factor 1 2 3 4 5 6 78
1 1
2 1/77 1
3 1/3 3 1
4 179 1/5 1/7 1
5 1/7 1/5 1/7 1 1
6 /5 1/3 1/3 1 3 1
7 179 1/5 1/7 173 1 1/5 1
8 1/9 1/5 1/7 1/3 1/3 1/3 5 1

Further, each value in Table 3.6 is divided by the sum of its column and
multiplied by 100. Finally, the average value of each row determines the weight,
Wi, of each factor. The weight for factor 1 with the pairwise comparison equals

39.5.

Finally an average weight has been calculated, based on the three methods

(literature investigation, cost calculation, pairwise comparison). These weights

are given in Table 3.7. It is clear that the factor produced power is the most

important factor, followed by the factors distance to the grid and distance to the
coast. These latter factors are related to the cost of the transmission cable. Also
distance to the harbour has a relatively high weight, because of its relation with
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the installation and maintenance costs. The factors water depth and bimonthly
variation of the available wave power have a small weight, as the differences in
depth and bimonthly variation in the North Sea are relatively small.

Table 3.7: Weights W; for the basic scenario

Factor Wi -]
Produced power 38
Distance to shore 12
Distance to grid 20
Distance to harbour 10
Extreme wave conditions 9
Bimonthly variation 3
Water depth 2
Geology 6

3.2.5 Suitable locations in the southern North Sea

Once every weight and score is determined a total final score Scy, indicating the
suitability, of each location k can be calculated:

8
Secp = Z criWi (3.2)

=1

where ¢y, ; is the score for factor ¢ on location k£ and W; is the weight for
factor 7. A high score indicates that the location is suitable for the deployment of
a farm of Pelamis WECs. Sc;, cannot be higher than 10 000.!

Figure 3.12 shows the results for the weights represented in Table 3.7. The best
locations are coloured brown, gray and white (highest total scores) and the worst
zones are coloured blue and green. The minimum and maximum score is 5 317
and 8 194, respectively. The best location is situated near shore on the German
Continental Shelf. The most suitable area on the Dutch Continental Shelf is located
near shore, next to the border with the German Continental Shelf. Figure 3.12
shows that accessible areas with a relatively high energetic wave climate and
situated rather close to the shore are preferred.

'When all factors have a score ¢; equal to 100, a total score Sc of 10 000 is obtained.
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Figure 3.12: Total score for the basic scenario on the Belgian, Dutch and German
Continental Shelf

In Figure 3.13 the Belgian Continental Shelf is shown in more detail. In general
the scores of the locations on the BCS are comparable with the scores of most
locations on the DCS and GCS. The difference between the scores on the BCS is
rather small. In the following analysis this scenario is the basic scenario.
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Figure 3.13: Total score for the basic scenario on the Belgian Continental Shelf

3.3 Sensitivity analysis

As estimating the relative importance (weight) of the selected factors is not an
easy and straightforward task, a sensitivity analysis is performed by varying the
weights of three factors (produced power, distance to the grid and extreme wave
conditions). The impact of their weights on suitable locations for wave energy
conversion is studied. In [2] it was seen that changing the weights of the factors
had only a small influence on the selected areas for wind farm deployment.

Changing the weight of a factor will affect the weight of the other factors as the
sum of all weights has to be equal to 100. All other factors will equally be scaled. If
for example, a variation on the weight of produced power (factor 1) is considered,
the new weights of the other factors can be determined with equation (3.3):

(3.3)

Win—Wi,
Win = Wi, (1_#)

100 — Wi,

where W; ,, 1s the new weight of factor ¢, W; , is the old weight of factor ¢,
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Wi, and Wy , are respectively the new and old weight of the varying factor 1,
produced power.

3.3.1 Importance of factor produced power

As the factor produced power has the maximum weight (Table 3.7), it is expected
that varying the weight of this factor will have the largest impact on the most
convenient locations for the deployment of a farm of Pelamis WECs. Figure 3.14
shows the best locations when the weight for the produced power is respectively
20 and 60. Weights between 20 and 60 have been considered in [15].

Total score
[ 14200-5000
[ ]5000- 5800
I 5800 - 6600

Total score

[ 14200-5000
[ 15000-5800
I 5800 - 6600
I 6600 - 7400 I 6600 -7400
I 7400 - 8200 I 7400 - 8200
[ 8200 - 9000 [ 8200 - 9000
[ 19000 - 9800 [ 19000 - 9800

Figure 3.14: Total score for a weight of the produced power of 20 (left) and 60 (right)

The best locations do not change when the weight varies between 20 (Fig-
ure 3.14 - left) and 38 (basic scenario - Figure 3.12). When the weight equals 20
more near shore locations on the DCS and BCS become suitable for the installation
of a farm of Pelamis WECs. When the weight is higher than 38 locations situated
further off the coast are preferred (Figure 3.14 - right). Note that the locations on
the BCS clearly have a lower score than locations on the DCS and GCS when the
weight is equal to 60. Lowering the weight below 38 results in interesting locations
closer to the shore which do not dispose of the maximum produced power.

When the weight is smaller than 38 the relative importance of the factors which
give preference to a near shore location (distance to the shore, grid and harbour,
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extreme wave conditions and bimonthly variation of the available wave power),
rises. In that case the ratio between the factor produced power and the sum of
the factors distance to the shore, grid and harbour, extreme wave conditions and
bimonthly variation of the available wave power is smaller than 0.7. The score
of the factor water depth is, like the factor produced power, higher for locations
further from shore. As the weight of the factor water depth is very small compared
to the weight of the factor produced power, the weight of the factor water depth is
neglected when calculating this ratio. Note that the factor geology does not give
preference to a far or near shore location.

The estimation of the weight of the factor produced power is very strong
related to the estimation of the revenues of a farm of WECs. When the electricity
price is high and support is available, a higher weight can be applied. On the other
hand, in the case of a low electricity price and lack of support, the weight should
be smaller.

3.3.2 Importance of factor distance to the grid

The second most important factor is the distance to the electricity grid (Table 3.7).
When the weight of this factor equals 10 (Figure 3.15 - left) more locations further
off shore become suitable for the installation of a farm of Pelamis WEC:s.

Total score

Total score

[ ] 4200 - 5000 [ ]4200 - 5000
[ ] 5000 - 5800 [ 15000 - 5800
I 5800 - 6600 [ 5800 - 6600
B 6600 - 7400 I 6600 - 7400
I 7400 - 8200 I 7400 - 8200
[ 8200 - 9000 [ 8200 - 9000
| 19000 - 9800 | 19000 - 9800

Figure 3.15: Total score for a weight of the distance to the grid of 10 (left) and 50 (right)

Near shore regions which were not attractive in the basic scenario, a.o. on the
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DCS, become more suitable, when the weight equals 50 (Figure 3.15 - right). The
locations which are situated far from shore are completely non-attractive in this
case. Weights between 10 and 50 have been considered in [15].

Again the ratio between the factor produced power and the sum of the
factors distance to the shore, grid and harbour, extreme wave conditions and
bimonthly variation of the available wave power determines whether location
further from shore or closer to shore are preferred. When this ratio is smaller than
approximately 0.7 - 0.75 (when the weight of distance to the grid is higher than
20) locations near shore are preferred. Varying the weights of the factors distance
to the shore and harbour results in the same effect as discussed in this section.

3.3.3 Importance of factor extreme wave conditions

A variation in weight from 0 to 30 is finally considered for the factor extreme wave
conditions (Figure 3.16).
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Figure 3.16: Total score for a weight of extreme wave conditions of 0 (left) and 30 (right)

More values between 0 and 30 are considered in [15]. When the weight equals
0 more dark brown areas on the DCS and GCS are observed compared to the basic
scenario, but the furthermost locations are still not suitable. An increase of the
weight from 0 to 30 results in white areas with a maximum score of 9 791, located
near shore on the GCS. Furthermore, more location on the BCS and DCS become
attractive for wave power conversion compared to the GCS.
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In general the ratio between the weight of the factor produced power and the
sum of the weights of the factors distance to shore, grid and harbour, extreme
wave conditions and bimonthly variation of the available wave power determines
whether areas near shore or offshore are preferred. A ratio smaller than 0.7 -
0.75 [15] gives preference to the deployment of a farm of WECs closer to shore.

When studying Figure 3.12 till Figure 3.16, it is observed that a near shore area
on the GCS and its continuation on the DCS has a relatively high score in all cases
(dark brown, gray or white). The feasibility of a farm of Pelamis WECs in this
area will be studied in chapter 10.

3.3.4 Installation in 12-mile zone

A possible relaxation of one or more restrictions may identify even better locations
for wave power conversion [5]. The impact of the possibility to install WECs
within the 12-mile zone is shown in Figure 3.17. It is observed that some locations
near shore on the German Continental Shelf are very attractive for the installation
of a farm of Pelamis WECs (gray).
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Figure 3.17: Total score with installation within the 12-mile zone
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3.4 Accuracy of the geo-spatial multi-criteria deci-
sion analysis

The choice of a location to deploy a farm of wave energy converters in the North
Sea is complicated. A GIS-based multi-criteria decision analysis gives a first
indication of potential locations for wave power conversion. In future, additional
factors such as visual impact and tide could be easily taken into account in the
analysis. Further, more advanced expertise in wave energy will allow a better
estimation of the applied weights. Recently (September 2008) a farm of 3 Pelamis
WEGC:s is installed in Portugal. The experience gained with the installation and
operation of this farm will allow a more accurate estimation of the relative weights
of the factors considered in the MCDA.

One should note that the accuracy of the outcome of the GIS analysis depends
on the accuracy of source data. Errors in one layer will have propagated through
the analysis and may cause larger inaccuracies in the output map, when combined
with errors from other layers. Consequently the resulting maps are less accurate
than the least accurate layer used in the analysis.

3.5 Conclusions

In this chapter a geo-spatial multi-criteria decision analysis has been performed to
identify possible locations for the deployment of a farm of Pelamis WECs in the
southern part of the North Sea. The methodology and the considered constraints
and factors have been described in detail. In general, accessible areas with a
relatively high energetic wave climate and situated rather close to the shore are
preferred. A near shore area on the German Continental Shelf is most suitable
for the installation of a farm of Pelamis WECs. The best location on the Dutch
Continental Shelf is located near shore and borders on the German Continental
Shelf. Allowing wave power conversion in the 12 mile zone results in even better
locations for the installation of a farm of Pelamis WECs on the GCS.

In the multi-criteria decision analysis several factors are weighted according
to their relevance. The attribution of a weight to each factor is a difficult and
contentious task. Therefore a sensitivity analysis of the weights of the factors
has been performed. It is mainly the ratio between the weight of the factor
produced power and the sum of the weights of the factors distance to shore, grid
and harbour, extreme wave conditions and bimonthly variation of available wave
power that determines the location of suitable areas for the exploitation of a farm
of Pelamis WECs. A ratio smaller than 0.7-0.75 gives preference to near shore
locations.

In future, a more accurate estimation of the weights of the considered factors
will be possible with practical experience from the first farms of WECs.
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Part 11

Production of a farm of wave
energy converters






Wave farm modelling

4.1 Introduction

In a second part of this PhD research the possible power production of a farm of
WECs in the North Sea is estimated. In particular the impact of the farm lay-
out on the power production is assessed. The wave climate and corresponding
wave power resource in the North Sea have been studied in chapter 2. In order
to estimate the overall wave power absorption of a farm in the North Sea, the
interaction between the WECs need to be considered. Several methods to model a
farm of WECs have been developed.

In this chapter a concise overview of these methods, is given. Especially the
applicability of wave propagation models for wave farm modelling is discussed.
Furthermore, the possibility to model a farm of WECs in the mild-slope wave
propagation model MILDwave, used in this dissertation, is explained. The
preference for this wave propagation model is briefly supported. A general
description of MILDwave can be found in chapter 5. The power production of
a farm of WECs studied in MILDwave, is described in chapters 6, 7 and 8.

4.2 State of the art in wave farm modelling

A lot of research has been carried out on the hydrodynamic behaviour of WECs
based on the oscillation principle (first category) in an array. The hydrodynamic
problem of wave power absorption is usually studied as a combination of two
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simpler problems: the diffraction problem (scattered incident wave field due to the
presence of the WEC) and the radiation problem (wave field generated by the body
or water column oscillations).

An overview of theoretical methods used to calculate the hydrodynamic
interaction of oscillating bodies in arrays is given in [1]:

- (1) The point-absorber method where the scattered waves are neglected under
the assumption that the device dimension is much smaller than the wave
length [2—4].

- (i1) The plane wave approximation where all scattered and radiated waves
are approximated as plane waves under the assumption that the device
spacing is many wave lengths [5-7].

- (111) The multiple scattering method which accounts accurately for all
hydrodynamic interactions [8—10].

A theoretical study concerning an infinite periodic array of identical oscillating
water columns can be found in [11].

Recently, with the improvement of computer technology, Boundary Element
Methods based on potential flow (e.g. WAMIT [12]) have intensively been used
to study the hydrodynamic interaction of multiple oscillating bodies in an array
(a.o0. [13], [14] and [15]). Still the required simulation time is increasing rapidly
with the number of bodies considered in the arrays and the dimensions of the
domain.

The before mentioned studies all concentrate on maximizing the absorbed
power of an array of oscillating bodies or oscillating water columns. As a change
in wave height behind a large farm may affect other activities in the oceans
(chapter 3), the knowledge of the wake of a single WEC and the wave height
reduction in the lee of a farm is as important in the design of a farm of WECs.
The study of the latter aspects requires a large computational domain which makes
the discussed Boundary Element Methods less convenient. Recently the coastal
impact of a farm of WECs has been studied in numerical wave propagation models.
Millar et al. [16] have used the spectral wave propagation model, SWAN [17], to
study the change of the wave climate caused by the installation of a farm of WECs
20 km off the north coast of Cornwall, UK. In Venugopal et al. [18] an array of
five bottom mounted, fixed WECs has been modelled in a nonlinear Boussinesq
wave model (MIKE 21). In the latter models the WEC is simplified as a porous
structure which is able to extract a predefined amount of wave power. This way
the incoming waves are partly reflected, diffracted, transmitted and absorbed by the
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WEC. This simplification is only applicable to the second category of WECs, i.e.
WECs based on the overtopping principle, as absorption of power is not caused
by generation of waves. Nevertheless, Mendes et al. [19] have investigated the
near shore wave climate, when multiple farms of Pelamis WECs (first category)
are installed in the Portuguese Pilot zone, in a linear mild-slope wave propagation
model REFDIF [20]. The Portuguese Pilot zone is a sea trial facility (320 km?) 5
to 20 km off the northwest Portuguese coast. This study has been extended by Le
Crom et al. [21], which used SWAN instead of REFDIF. Also Vidal et al. [22] have
studied the coastal impact of a farm of WECs of the first category (PowerBuoys)
in a mild-slope equation model. Radiated waves from the motions of the WECs
were neglected in these studies.

4.3 Discussion on the applicability of wave propaga-
tion models for wave farm modelling

4.3.1 Implementation of a farm of WECs in wave propagation
models

Wave propagation models are usually classified in two types, i.e. phase-averaged
spectral models and phase-resolving time domain models. Spectral models
describe the evolution of the wave energy spectrum (wave action equation) while
time domain models calculate the sea surface as a function of time (conservation
of mass and momentum equations).

Spectral models (e.g. SWAN) take into account all relevant wave genera-
tion and dissipation processes over large spatial domains. A phase-decoupled
refraction-diffraction approximation has been implemented [23] in SWAN to
account for diffraction, as the wave action equation is based on refraction
principles only. In Ilic et al. [24] the wave diffraction feature in SWAN has
been studied using laboratory and field data. They observed a more accurate
estimation of the wave heights in the lee of the obstacle with increasing frequency
and directional spreading. On the other hand in Enet et al. [25] results in SWAN
have been compared with analytical results for the wave height and wave direction
in the lee of a semi-infinite breakwater in water of constant depth. They concluded
that the results with diffraction feature in SWAN were considerably better than the
results without diffraction for a decreasing directional spreading.

Millar et al. [16] have used the phase-averaged model SWAN to implement
an array of WECs as a 4 km long partially transmitting obstacle, with energy
transmission of respectively 0 %, 40 %, 70 % and 90 % of the incident wave
energy. The significant wave height H and mean wave period 7, in the lee of the
obstacle have been calculated on a grid with 200 m spatial resolution for a number
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of reference sea states (for varying H,, T}, and mean wave direction). Millar et
al. [16] found that the magnitude of wave height change was varying with reference
sea state, level of energy transmission and location. For the most realistic wave
energy transmission levels, ranging from 70 % to 90 % of the incident wave energy,
the resulting average significant wave height change at the shoreline is rather small,
decreasing from respectively 1.5 % to 0.5 %, while the maximum significant wave
height change is respectively 6.7 % and 2.3 %. When swell waves are dominating
(limited directional spreading) an increased wave height change is expected, since
wind waves with a directional spreading of 30° had been considered in the latter
study.

In Smith et al. [26], the previous study of Millar et al. [16] has been extended
and generalised. A grid of 210 km by 400 km with a resolution of 500 m has been
considered to study the wave height change over 200 km along the central axis
behind the partially transmitting obstacle. Various parameters that impact on the
onshore wave climate have been studied: the length of the obstacle perpendicular
to the incoming wave (3 km, 6 km, 9 km, 12 km and 15 km), the distance of
the obstacle from the shoreline, the level of wave energy transmission through
the obstacle (0 %, 40 %, 70 % and 90 % of the incident wave energy) and the
directional spreading of the local wave climate (10°, 15°, 20° and 30°). Smith
et al. [26] observed an increasing wave height reduction in the lee of the obstacle
with decreasing directional spreading. Farms of WECs are not likely to be installed
210 km off the coast, as the cost of a farm is increasing with increasing distance
from shore (chapter 10). Therefore a smaller domain can be considered when
studying a farm of WECs.

The spectral model SWAN has some restrictions which need to be considered.
First, when swell waves are dominating the impact on the coastal wave climate is
the highest. In that case the performance of the diffraction feature in SWAN is less
accurate [24]. Secondly, the dimensions of the obstacle are limited by the spatial
grid resolution (500 m in [26]). The recommended values for spatial resolution
in SWAN are 50 m up till 1000 m [17]. To overcome the latter restrictions time
domain models have been used.

Time domain models may be categorized into models based on (i) the linear
mild-slope and (i1) the nonlinear Boussinesq equations. The mild-slope equations
describe the transformation of linear water waves when propagating from deep
to shallow water while the Boussinesq equations (e.g. MIKE 21) predict the
propagation of nonlinear waves with high accuracy, especially in shallow water,
but are computationally very demanding [27].

In Mendes et al. [19] the wave height (regular waves) and wave direction on
the 10 m water depth contour behind 2 configurations of farms of Pelamis WEC:s,
both with a total installed capacity of 202.5 MW and a total length of 16 km, have
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been assessed in the mild-slope model REFDIF. Each farm has been modelled
as an energy dissipating area in the computational domain with a grid spacing
varying from 20 m till 40 m. For both configurations the maximum observed wave
height change is less than 15 %. The maximum length of the coast affected by the
farms is 25 km, while a wave height change higher than approximately 12 % is
observed along only 0.6 km of coast. This study has been extended in [21]. Le
Crom et al. [21] have used the spectral wave propagation model SWAN instead
of the time-domain model REFDIF. The wave height decrease on the 10 m water
depth contour behind five different configurations of several farms has been studied
for irregular short-crested waves. A grid resolution of 25 m till 175 m has been
used. An average and maximum wave height decrease of 10 % and 11.8 % are
observed. Furthermore a comparison with REFDIF results reveals a less important
but broader coastal impact of the installed farms in SWAN. This is mainly due to
the consideration of directional spreading of the incident waves in SWAN.

In Vidal et al. [22] an overall wave height transmission coefficient of a farm
of PowerBuoys has been calculated (= 0.96) to study the coastal impact in a
mild-slope wave propagation model. A negligible coastal impact of the farm is
observed.

In Venugopal et al. [18] five bottom mounted, fixed WECs have been
implemented as individual porous structures with a prescribed degree of porosity
in a nonlinear Boussinesq wave model (MIKE 21). The changes in the wave
pattern around the array have been studied on a grid with 10 m resolution for
different levels of porosity while considering uni-directional irregular waves with
significant wave height of 4 m and peak wave period of 10 s.

4.3.2 Shortcomings

The modelling approach of Millar et al. [16] and Smith et al. [26] has two major
limitations which result in a rough estimate of the wave height reduction behind a
farm:

- First by simplifying a farm to one transmitting obstacle, the redistribution
of wave energy around the WECs in the farm due to (i) an alternation of full
(gaps between the WECs) and partial transmission (through the WECs), (ii)
diffraction, and (ii1) radiation (floating WECs), is not taken into account.

- Secondly, one transmitting obstacle causes a proportional decrease of energy
for all frequencies in the spectrum [26], while the efficiency of a WEC will
vary across the spectrum.

The first limitation also applies for the method used in Mendes et al. and
Vidal et al. [19, 22] while in Le Crom et al. [21] each Pelamis WEC is modelled
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individually without considering reflection and radiation. Furthermore, each WEC
in the farm has the same frequency-independent transmission coefficient in Le
Crom et al. [21].

In the study of Venugopal et al. [18] reflection and transmission are coupled
through the degree of porosity of the structure, which makes the adaptation to the
incident wave climate of a WEC in a farm impossible.

4.3.3 Mild-slope wave propagation model MILDwave

To overcome the shortcomings of the approach in the mentioned studies a specific
technique is developed in this PhD dissertation to simulate the absorbing effect
of the WEC more accurately using a mild slope equation model. Based on the
first derivation of the elliptic mild-slope wave equation by Berkhoff [28], the
parabolic model [29] and the hyperbolic model [30] have been developed to study
the propagation of monochromatic waves in larger coastal areas. In the parabolic
model wave reflection and diffraction in the direction of wave propagation are
neglected. Time-dependent mild-slope equations have been developed to study
the transformation of random waves with a narrow frequency band. Radder and
Dingemans [31] have derived a canonical form of the time-dependent mild-slope
equations based on the Hamiltonian theory of surface waves, taking into account
the mild-slope assumption % << 1, where V is the horizontal gradient operator,
h the water depth and k the wave number. Booij [32] proved that the equations
were only valid for a bed steepness up to 1/3. Suh et al. [33] extended the latter
model to study wave propagation on a rapidly varying impermeable bathymetry by
considering higher-order bottom effect terms proportional to the square of bottom
slope and to the bottom curvature. A detailed review of the evolution of the mild-
slope equations can be found in [34]. More recently a mild-slope equation model
has been developed to study wave propagation over porous bottoms [35]. The
reflection and transmission characteristics for submerged and emerged porous and
impermeable structures have been investigated for regular [36] and random [37]
waves. It sounds promising to use their approach for the application of wave power
conversion.

The mild-slope equations of Radder and Dingemans [31] without the extension
of Suh et al. [33] are the basic equations in the phase-resolving model MILDwave,
used in the current study. Wave transformation processes such as refraction,
shoaling, reflection, transmission and diffraction are simulated intrinsically in
MILDwave. The mild-slope wave propagation model MILDwave, developed
by Troch [38], has previously been used, e.g. to study diffraction patterns in
a harbour [39]. As farms of WECs will be installed in relatively deep water
to capture as much wave power as possible, the extension of Suh et al. [33]
and additional terms to simulate bottom friction, currents and wave breaking are
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considered unimportant. Furthermore, no wave regeneration by wind is considered
as the wake effects are the largest when no wind is present (worst case). This
relatively simple linear model provides a fast solution for the application of wave
power conversion. WECs are modelled as individual absorbing structures with
a frequency dependent absorption. A sponge layer technique is developed in
order to model several combinations of amounts of reflection, transmission and
consequently absorption (chapter 6), thus avoiding the coupling between reflection
and transmission as seen in Venugopal et al. [18]. Moreover, a method to account
for radiation by WECs of the first category is worked out as well (chapter 8).

Compared to SWAN, smaller grid sizes are required in MILDwave which
makes detailed geometrical modelling of a farm of WECs possible. Compared to
nonlinear Boussinesq models, a lower spatial and temporal resolution is required
which results in a fast solution.

4.4 Conclusions

In this chapter a literature review of wave farm modelling has been given.
In the past most studies concentrated on maximising the power absorption of
WECs based on the oscillating principle. Research on wake effects (wave height
decrease) in the lee of a farm of WEC:s started only a few years ago and is currently
gaining more interest.

A thorough overview of available studies on the wave height decrease behind
a farm of WECs has been presented in this chapter. Several wave propagation
models have been used to study these effects. The applicability of these wave
propagation models for the study of wake effects has been discussed in detail.
Finally, the advantages of wave farm modelling in the mild-slope wave propagation
model MILDwave, used in this PhD dissertation, have been specified.
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Mild-slope wave propagation model
MILDwave

5.1 Introduction

This chapter gives a general description of the mild-slope wave propagation model
MILDwave. This model is used in this PhD dissertation to study the power
production of a farm of WECs (chapters 6, 7 and 8). The preference for this model
has been discussed in chapter 4. The basic equations for wave generation and
wave propagation (mild-slope equations) in MILDwave and the finite differences
scheme to solve these mild-slope equations are presented in a first part of this
chapter.

In a second part the technique for wave generation, together with absorbing
domain boundaries, is extended. In the past only head-on waves were generated
in MILDwave while in this PhD research waves with varying wave propagation
angles are considered. Therefore methods for wave generation on multiple wave
generation lines and on an arc are implemented. Furthermore, wave generation
on a circle is foreseen as well to simulate radiated waves generated by WECs of
the first category. The implementation of these wave generation configurations
requires an adaptation of the existing absorbing domain boundaries to prevent
disturbances in the simulation domain. In this chapter these new wave generation
configurations and adapted absorbing boundaries are validated with simple test
cases and analytical solutions.

The simulation of the wave transformation processes shoaling, refraction,
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reflection, diffraction and wave breaking, in MILDwave have previously been vali-
dated. MILDwave results have been compared to analytical solutions, calculations
with SimWave [1] (commercial software package based on the non-linear time
dependent Boussinesq equations) and experimental data.

In [2, 3] the shoaling coefficient on a uniform slope has been calculated in
MILDwave. By comparing the obtained shoaling coefficient with the analytical
formula from linear wave theory, it is observed that MILDwave simulates the
phenomenon shoaling very accurately.

By simulating wave penetration in the harbour of Oostende, the combined
effects of wave refraction, shoaling, reflection, diffraction and wave breaking have
been studied. The implementation of wave breaking in MILDwave, based on the
Battjes-Janssen model [4], has been described in [5]. Wave breaking on a linear
slope and on a bar-trough profile has been validated through physical model tests
in the wave flumes of the Department of Civil Engineering (Ghent University) and
through simulations in SimWave. The wave breaking module in MILDwave works
very well for irregular waves [5]. The disturbed wave heights in the inner and
outer port of Oostende have been calculated in the numerical models SimWave
and MILDwave. A good agreement between both models is observed in deep
water [3, 6] while some deviations in shallow water occur [7]. A further validation
of the wave breaking module in MILDwave is necessary. The comparison between
both models in the inner harbour depends strongly on the reflection coefficient
assigned to the quay walls. Prototype measurements are necessary to obtain a
realistic estimation of those reflection coefficients.

When modelling WECs in MILDwave deep water (uniform water depth) is
assumed. Consequently the wave transformation processes refraction, shoaling
and wave breaking do not occur. The incident wave power is partly absorbed and
partly redistributed through the physical processes wave reflection, transmission,
diffraction and wave power absorption. The first three processes are simulated
intrinsically in MILDwave and are validated at the end of this chapter. The last
process is discussed in chapters 6 (WECs of the second category) and 8 (WECs
of the first category). First a simple theoretical case of reflection from (and
transmission through) a vertical, surface-piercing wall is studied in MILDwave.
Further, Wiegel diagrams [8] are used to validate the diffraction pattern in the lee
of a semi-infinite breakwater.

5.2 Mild-slope equations of Radder and Dingemans

The depth-integrated mild-slope equations of Radder and Dingemans (1985)
[9], which describe the transformation of linear irregular waves with a narrow
frequency band over a mildly varying bathymetry (bed steepness up to 1/3 [10]),
are given in equations (5.1) and (5.2):
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I _ By V. (AVy) (5.1)
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where 7 and ¢ are respectively the surface elevation and velocity potential at
the still water level, V is the horizontal gradient operator, ¢ is the time, g is the
gravitational acceleration and where the value of B and A are calculated using
equations (5.3) and (5.4):

-2 _ 1270
B = % (5.3)
A= CgCQ (5.4)

with the phase velocity C' and the group velocity Cg for a wave with carrier
wave number k (: 2%), carrier angular frequency w (: 2 f) , carrier wave length
L and carrier frequency f. Overbar (7) denotes that the wave characteristic is
calculated for the carrier frequency. The derivation of these equations can be found
in appendix D.

A finite difference scheme (Figure 5.1), as described in [11], is used to
discretize and solve equations (5.1) and (5.2). It consists of a two-step space-
centered, time-staggered computational grid [12].

The domain is divided in grid cells (uniform grid) with dimensions Az and Ay
and central differences are used for spatial as well as time derivates. Both n and
@ are calculated in the centre of each grid cell at different time levels, (n + %) At

and (n 4 1) At, respectively, with the discretized equations (5.5) and (5.6).
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with A and B given by equation (5.3) and equation (5.4). Lower index 1i,j
signifies the spatial grid cell at position :Az and jAy and upper index n signifies
the time step nAt.
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Figure 5.1: Finite difference scheme (computational space-centered, time-staggered
grid) [12]

The grid spacing Ax = Ay is chosen so that % < Az = Ay < 1—L0

(L = shortest wave length (maximum frequency) for irregular waves) and the

time step meets the Courant-Friedrichs-Lewy criterion!, At < % where C' is
the (maximum) phase velocity, to guarantee a stable and consistent result.
Wave generation (section 5.3) starts from quiescent water conditions at ¢ = 0.

1
Each time step, first 772;” and then c,o?jl is calculated by equation (5.5) and
equation (5.6), respectively, in the centre of each grid cell. Consequently waves

are gradually propagating across the domain.

5.3 Wave generation

To calculate the wave field in a predefined domain, waves need to be generated
at the offshore boundary and subsequently propagate into the simulation domain.

!The timestep At must be chosen so small that the displacement of the wave front in a time interval
does not exceed the grid size Ax.
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Outgoing waves should travel through the domain boundaries without any numer-
ical disturbances, as if they are open boundaries. Hence, the outgoing waves must
be absorbed at these open boundaries. Otherwise, reflected waves from the domain
boundaries may influence the wave pattern in the simulation domain. Furthermore,
waves reflected from structures in the simulation domain should pass through the
wave generation boundary without being re-reflected. To avoid reflection from the
domain boundaries and re-reflection at the offshore wave generation boundary,
internal wave generation techniques’ in combination with absorbing so-called
sponge layers at the open boundaries have been used. The method of internal
wave generation is presented in this section, while the numerical sponge layers are
discussed in section 5.4.

5.3.1 Regular waves
5.3.1.1 Wave generation on one or two wave generation lines

In MILDwave waves are generated at the offshore boundary by using the source
term addition method, i.e. by adding an additional surface elevation n* to the
calculated value on a wave generation line for each time step.
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Figure 5.2: Definition sketch of wave generation

To generate a regular incident wave, with phase velocity C' and wave elevation

2Two different internal wave generation techniques have been developed separately: (i) the source
term addition method and (ii) the source function method. In the source term addition method, the
values of the water surface elevation, representing the change of water volume by the target wave
elevation, are added to the calculated values in the wave generation cells. In the source function method,
an appropriate source function is added to the model equations. The source function is obtained by
equating the calculated wave elevation and the target wave elevation. Both techniques modify the
calculated surface elevation in wave generation grid cells. Kim et al. [13] derived the Delta source
function and showed that the Delta source function method was equal to the source term addition
method.
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n; that propagates at an angle # (0° < 6 < 90°) from the x-axis, a set-up as
shown in Figure 5.2 is needed. Two wave generation lines are implemented in the
horizontally two-dimensional domain; i.e. one parallel with the x-axis and one
parallel with the y-axis [14]. The wave elevation 7); is given in equation (5.7).

: /
n; = asin (kz’ — wt + ¢) 5.7)
= asin (kcosfzx + ksinfy — wt + ¢)

with the wave amplitude a and the phase shift ¢. The phase velocity along the
x-axis, respectively y-axis, equals C'cosfl and C'sinf [15].

The volume flux per time step At, across the wave generation line parallel
to the y-axis, equals 7;C'cos@ Ay At in both the positive and negative x-direction.
Since a wave generation cell covers an area Az Ay, the additional surface elevation
1™ on the wave generation line parallel with the y-as, is given in equation (5.8).

A
n* = 2777;0 tcos& (5.8)
Ax

The additional surface elevation * on a wave generation line, parallel with the
x-axis, is derived in a similar way and given in equation (5.9).

A
n* = 2nigsin9 (5.9)
Ay

The coefficient 2 is included because the generated waves propagate in two
opposite directions from the wave generation line. When 6 = 90° and 0° (head-on)
waves are only generated on the x-axis and y-axis, respectively. A slow start of
wave generation is obtained by multiplying the wave generation by tanh (%)
[16], with the wave period T'.

The source term addition method, using the phase velocity C' for the transport
of water mass, was first used by Larsen and Dancy [15] for the Boussinesq
equations for short-wave simulations in shallow water. For the mild-slope
equations of Radder and Dingemans, the so-called energy velocity C,. instead of
the phase velocity C' should be used [14]. The mass transport gives only correct
results in shallow water, where the phase velocity C' equals the energy velocity
C.. For regular waves the energy velocity equals the group velocity. The energy
velocity C, is derived in [14] with the geometric optics approach (equation (5.10)).
The generation of irregular waves, by using the energy velocity instead of the
group velocity, has been extensively studied in [3].

- W C w\ 2
@:@;w+@(%)—0 (5.10)

The additional surface elevation n* on a wave generation line, parallel with the

y-axis and x-axis, to generate waves with wave direction 6 in deep and shallow
water is given by equations (5.11) and (5.12).
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LA

n* = 2n; CAxtCOS(g (5.11)
LAt

nt=2n; —CAy siné (5.12)

To validate the wave generation on two wave generation lines, a simple test
case is worked out. The computational domain consists of an inner domain of
1 000 m x 1 000 m and fully absorbing sponge layers at the boundaries (Figure 5.3).

Y Y*
N o oy
@ LU sponge layer |l L L L L L L L LL
I Y S Y I B B
AN Y ) ) e oy A B
I I Ll LU
I . . L LU
I . . L LU
| N O L LU
= Y test area L L LU
LLLLff8 L L Ll
LLLL|z L LU
LLLerje L Ll LU
Ll L]® L LU
LLLL|e L LU
LLLL|® L L L LU
LLLL|S LLLLL
- LLLLZ L LU
3 LLLre|s L L LU
I . . L LU
I . . o L LU
I Y Y wave generation line ~ [-LL L L
I I ——. X*
Iy oy oy v
5 A Iy oy oy
o T 1y Ay I o v
N X

Figure 5.3: Definition sketch of simulation domain with two wave generation lines in plan
view

Regular waves with a wave height H; = 1 m, wave period 7' = 5.2 s and wave
direction # = 60° are generated on two wave generation lines in a constant water
depth of 70 m. The instantaneous surface elevations at ¢ = 100 I" are shown
in Figure 5.4. At the intersection of the wave generation lines wave diffraction
occurs, as seen in [14]. Consequently the wave elevations are varying at that
location between - 0.59 m and 0.59 m and not between - 0.5 m and 0.5 m, as
expected. Note that the absorption function S5 is used in the sponge layers. The
sponge layers will be discussed in section 5.4. Generating waves on two wave
generation lines and an arc reduces the observed diffraction [17].
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Figure 5.4: Calculated surface elevations on t = 100 T in MILDwave for regular waves
with H; = 1 m, T = 5.2 s and 0 = 60° generated along two wave generation lines
(absorption function Ss in sponge layers)

5.3.1.2 Wave generation on an arc and two wave generation lines

Recently, Lee and Yoon [17] developed a method for internally generating multi-
directional waves on an arc in a rectangular grid system using the source term
addition method. In [17] several wave generation lay-outs have been studied. Two
wave generation lines with a wave generation arc gave the most accurate results
(Figure 5.5).

The grid cell nearest to the arc is used as a wave generation cell. The method
explained in section 5.3.1.3 is used to define these grid cells. Depending on the
angle of the wave generation arc with the x-axis, respectively y-axis (Figure 5.6),
the additional surface elevation is given by:

2n; Czﬁt (_Czi(seje)) case 1

n* _ 277’6 Cgﬁt (_Sl(?ésee_e)) case 2 (5 13)
21; Cg—ﬁt 7811(5;: 9) case 3 '
YL T

with e the angle between the line normal to the wave generation curve and the
x-axis for case 1 and 4, respectively y-axis for case 2 and 3. € is indicated on
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Figure 5.6. In case 1 the energy of the incident waves propagating normally to the
curve will reach the nearest two opposite cells at a distance of Axcose.
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. Bs 100, 800 100, . Bs

Figure 5.5: Definition sketch of simulation domain with two wave generation lines and a
wave generation arc in plan view

On the left and respectively the right wave generation line, the additional
surface elevation is given by equation (5.11) and equation (5.14):

CeAt (—cosf) (5.14)

,r] /’72 A:U

When the wave direction is not pointing to the inner domain on a part of the
wave generation arc or on one of the wave generation lines, no waves are generated
in those cells. For example when 6 = 45° no waves are generated on the right
generation line and on the first part of the arc (case 1).

The validation test case for wave generation on two wave generation lines is
repeated here for wave generation on two wave generation lines and an arc. The
surface elevations on ¢t = 100 7" for regular waves with H; =1 m, 7'=5.2 s and
0 = 60° generated on a wave generation arc and two wave generation lines in a
water depth of 70 m are shown in Figure 5.7.
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Figure 5.6: Definition sketch of wave generation on a wave generation arc in plan view

In Figure 5.7 the maximum and minimum wave elevation agree slightly better
with the expected values of 0.5 m and -0.5 m, respectively.

Both wave generation lay-outs have been compared in more detail by measur-
ing the amplitudes of the water surface elevation in a test area of 800 m x 500 m,
as indicated on Figure 5.3 and Figure 5.5, and calculating the absolute error ey
as:

Cap = me — Atar| (5.15)
Aiar

where a,,. and a4y, are the measured and target amplitudes of the water
surface elevations, respectively. The spatially mean value of e, is determined by
averaging the values of e, in the test area. Figure 5.8 shows the spatially average
value of e, for both wave generation lay-outs and for different wave angles 6.
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Figure 5.7: Calculated surface elevations on t = 100 T in MILDwave for regular waves
with H; = 1 m, T = 5.2 s and 0 = 60° generated on two wave generation lines and
a wave generation arc
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Figure 5.8: Spatially average absolute error eqp for regular waves with H; = 1 m,
T =5.2sand 45° < 0 < 90° generated on two wave generation lines or on two
wave generation lines and a wave generation arc

For both wave generation lay-outs the spatially averaged absolute error is
very small. Moreover, the difference between both wave generation lay-outs is
negligible (smaller than 1 %). The maximum value of e, is shown in Figure 5.9.



5-12 CHAPTER 5

0.4 : :
o Wave generation lines and arc
* Two wave generation lines
0.3r 8
i
o 0.2r =
©
(0]
*
0.1r * il
g 9 ] °© o
Oo L L L L
45 50 60 70 80 90
0 [°]

Figure 5.9: Maximum absolute error ey, for regular waves with H; = 1 m, T' = 5.2 s and
45° < 0 < 90° generated on two wave generation lines or on two wave generation
lines and a wave generation arc

As seen in [14] the maximum absolute error is smaller for smaller wave
direction angles. Wave generation on two wave generation lines yields a larger
maximum e,; when 8 > 60°. When 6 equals 90° the maximum absolute error is
approximately 7 % higher compared to wave generation on two wave generation
lines and an arc. In general, for all wave directions, generating waves on two wave
generation lines yields comparable or larger errors compared to a wave generation
arc and two wave generation lines. Consequently the latter wave generation set-up
is preferred to generate regular waves with varying wave directions.

5.3.1.3 Wave generation on a circle

When studying WECs of the first category, waves are generated by the body or
water column oscillations. To model these radiated waves in MILDwave, waves
need to be generated on a circle. To generate waves on a circle with centre (., y.)
and radius 7. in a rectangular grid, the circle needs to be approximated by a discrete
number of grid cells (Figure 5.10). The x- and y-co-ordinates of these grid cells

are given by equations (5.16) and (5.17) fori € [1 27 ).

> Abl”

x = floor (. + r.cos (iAb)) (5.16)

y = floor (y. + resin (¢Ab)) (5.17)
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Figure 5.10: Definition sketch of wave generation on a circle
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X

The angle interval Ab can be approximated by arctan (%) The additional

surface elevation n* is given by equation (5.18).

C. At
Az

n*=2n; (5.18)

with 7; = a sin (—wt).

Each grid cell on the wave generation circle is an individual wave generation
source, which is affected by its neighbouring wave generation sources. To
minimize the disturbances in the wave generation, an absorbing sponge layer is
implemented in the inner part of the wave generation circle.

The wave generation on a circle is validated with the principle of conservation
of energy. Regular waves with H; =2 m and 7' = 5 s are generated on a wave
generation circle with radius = 50 m in the centre of the simulation domain in a
water depth of 100 m. Absorbing sponge layers are implemented at the domain
boundaries to prevent reflection inside the domain. The wave power on a circle
with radius 7. > 50 m is equal to the wave power on the wave generation circle
(conservation of energy), as no energy sources or energy sinks are present between
both circles. The conservation of energy is expressed in equation (5.19). The
derivation of the equation for the wave power per meter of wave crest p (W/m) can
be found in appendix B. By multiplying the wave power p with the perimeter, the
total wave power (W) on the circle is obtained.

1 1
3 pgH?C,2750 = 3 pgH? Cy2mr, (5.19)

with H,_ the wave height on a circle with radius 7. > 50 m. Equation (5.19)
leads to equation (5.20) with the target wave height H; =2 m.

H, /30
H; /e

(5.20)
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The ratio I_II;F, obtained from calculations using MILDwave and calculated
with equation (5.20) along the radial section when ¢Ab = 27 is given in Fig-

ure 5.11.

——MILDwave
1.8r - - ~analytical solution i

%0 100 150 200 250 300 350 400 450 500

r, (m]

Figure 5.11: Ratio % along the radial section when iAb = 27 in the simulation domain
for regular wave generation on a circle with r. = 50 m and Ab = 1.15

As expected, the ratio decreases when r. increases. When r. = 50 m the
ratio should equal 1 (equation (5.20)). It is observed that the ratio obtained with
calculations in MILDwave is too high. Too much energy is generated on the wave
generation circle by using the approximated value of Ab (arctan (%) ), due to
mutual influences of the wave generation sources on the wave generation circle.
Therefore an iterative approach® has been used to define the value of Ab in order
to obtain the ratio % as calculated using equation (5.20) [18]. For r. = 50 m, Ab
equals 1.5. z

The surface elevations on ¢ = 100 7" are given in Figure 5.12 for regular waves
with H; =2 m and 7' =5 s generated on a circle with radius = 50 m and Ab = 1.5.
Note that the sponge layers are not shown in Figure 5.12.% It is clear that the
surface elevations decrease further away from the wave generation circle.

The comparison of the calculated ratio IZ—T against the analytical solution
(equation (5.20)) along a radial section is givén in Figure 5.13. When Ab is
determined with an iterative approach, the results in MILDwave and the analytical

results agree very well.

30ne could state that the angle e should be considered in the denominator of equation (5.18), by
analogy with equation (5.13). When ¢Ab =27, € = 0°. In Figure 5.11 this radial section (iAb = 27) is
shown. It is observed that too much energy is generated. Consequently Ab has been calculated through
an iterative approach. e is incorporated in Ab, determined with this iterative approach, when waves are
generated on a circle.

“When the sponge layers are not shown, the co-ordinates are given in the x*y* co-ordinate system
(Figures 5.3 and 5.5) instead of the xy co-ordinate system.
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Figure 5.12: Calculated surface elevations on t = 100 T in MILDwave for waves
generated on a wave generation circle with r. = 50 m and Ab = 1.5
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Figure 5.13: Ratio == along a radial section in the simulation domain for regular wave

generation on a circle with r. = 50 m and Ab = 1.5

The resulting value of Ab as a function of the radius of the wave generation
circle is shown in Figure 5.14. A non-linear regression (power law) has been
applied through the data.

The determination coefficient R? equals 0.9974, which confirms that the
regression line (equation (5.21)) approximates the data points very well.

Ab = 157.09r, 12! (5.21)
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Figure 5.14: Ab as a function of the radius of the wave generation circle

5.3.2 Irregular waves

It has been proven that the model of Radder and Dingemans can be used to
simulate the transformation of uni- and multi-directional random waves (also
called irregular long-crested and short-crested waves) [14]. For the generation
of random waves, the peak frequency will be used as a carrier frequency in
equations (5.3) and (5.4) as the peak frequency is usually lower than the weight-
averaged frequency and as the dispersion relation of the model of Radder and
Dingemans is more accurate in the high frequency range [14, 19]. For uni-
directional irregular waves the wave elevation 7; is given in equation (5.22) by
using a single summation model:

N
n; = Z 2S5(fn)Afsin (kyzcost + k,ysind — wyt + ¢y,)

n=1

(5.22)

with the angular frequency w,, = 27f, = 27 (n — 1) Af + 27 fmin, the
frequency interval A f = % and the random phase ¢,,. A parameterized
JONSWAP spectrum (equation (2.4)) is used as an input frequency spectrum

S(fa) [20].

Short-crested wave generation has also been implemented with a single
summation model [21]. In the latter model each wave component has a unique
frequency while several wave components are travelling in the same direction.



MILD-SLOPE WAVE PROPAGATION MODEL MILDWAVE 5-17

The wave elevation 7); can be expressed by equation (5.23) with the single
summation model:

N M
0= > /28 fum, Om) MAFAG -

n=tm=l (5.23)
sin (kpmacosy, + knmysind,, — wamt + Gnm)

with the angular frequency wy,;, = 27fpm = 20 [M (n— 1) +m]Af +

27 fmin, the frequency interval Af = W, the wave propagation angle
O, = (m—1)A0 + 60y — 042, the angle interval AO = Q&Tf, the mean

wave angle 0, the random phase ¢,,,,, and the two-dimensional energy spectrum
S(frm, Om)-

Short-crested waves are described by a two-dimensional energy spectrum or
directional wave spectrum S( fy,m, 0 ) Which represents the distribution of wave
energy over various wave frequencies and directions (Figure 5.15).

S(1,0)

9a

08

60
Q.6

 Frequency [Hz]

N

270

Figure 5.15: Two-dimensional energy spectrum S(f,0) (T, =6's, 0o = 0° and Smaz = 10)

The two-dimensional energy spectrum S( fm, 0r) is generally expressed as
the product of the one-dimensional frequency spectrum S f,,,, ) and the directional
spreading function D( f,,,,,, 0,,,) at each frequency (equation (5.24)).
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The directional spreading function D(fy,,0,,) is the non-negative, nor-
malized cross section through the two-dimensional energy spectrum at a given
frequency:

D(frm,0m)dd =1 (5.25)

Many parametrical models are available to represent the wave directional

spreading [22-25]. The cosine power 2s model (equation (5.26)), originally
proposed by Longuet-Higgings et al. [24], is widely used.

2257112 (s 4+ 1) oy ((Om — 0o
D(fum: 0m) = 7w I'(2s+1) cos ( 2 )

(5.26)

for 6y — m < 6, < 6y + 7. The directional spreading parameter s gives the
degree of directional energy concentration. For wind seas (like the North sea), the
spectrum is rather broad and the value of s is rather low (Figure 5.16).

2.5

T
1

60 -30 0 30 60 90 120 150 180
0 [°]

—?80—150—120 -90

Figure 5.16: The directional spreading function D(f, ), with 6y = 0°, for several values
of the directional spreading parameter s

The parameter s is related to the frequency by equation (5.27) [26]:

s — {(fnm/fp)53max . fnm < fp (527)

(fnm/fp)izg)smam : fnm Z fp

An example is given in Figure 5.17.
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The parameter S,,,4, 1S the maximum value of the spreading parameter. Fixed
values for s,,4, are given in equation (5.28) for wind and swell waves [26]:

10 : wind waves
Smaz = § 20 : swell with short decay distance (5.28)
75 : swell with long decay distance

1.2r i

D(f,0

0.6

0.4r

0.2

—?80—150—120 -90 -60 -30 0 30 60 90 120 150 180
6 [°]

Figure 5.17: The directional spreading function D(f,0), with 6y = 0° and Smae = 10, for
several values of the frequency f

The relation between the directional spreading parameter s and the standard
deviation og, which is called the directional width, is given by equation (5.29) [27].

2
s+1
To generate short-crested waves (SCW) with 6 = 90° the set-up in Figure 5.3
cannot be applied as some wave components have a wave angle 6,,, > 90°.
Three wave generation lines (Figure 5.18) or two wave generation lines and an
arc (Figure 5.5) can be used to generate SCW with 6y = 90°.

op = (5.29)
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Figure 5.18: Definition sketch of simulation domain with three wave generation lines in
plan view

The additional surface elevation on the right wave generation line is given by
equation (5.14) for a single wave component. Both wave generation lay-outs are
compared by generating irregular short-crested waves with H, =1 m, T, =5.2 s,
0o = 90° and S,,4, = 10 and 75 in each lay-out in a water depth of 70 m. The
length of the sponge layers at the domain boundaries is doubled compared to the
test case with regular waves to prevent any reflection from the domain boundaries
inside the simulation domain.

The surface elevations on ¢ = 1 000 7T are shown in Figure 5.19 for short-
crested waves with s,,,, = 75 and 10, generated on three wave generation lines.
Figure 5.20 shows the resulting surface elevations for two wave generation lines
and an arc.

At the both ends of the horizontal wave generation line, in the set-up with
three wave generation lines, a circular wave is generated which disturbs the wave
pattern in the simulation domain. These circular waves can be observed better
for s;pqr = 75 (Figure 5.19(a)), compared to s,,4, = 10 (Figure 5.19(b)). By
generating waves on two wave generation lines and an arc the latter effect is
prevented.
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Figure 5.19: Calculated surface elevations on t = 1 000 T for irregular short-crested
waves with Hg = 1 m, T, = 5.2 s, 0p = 90° and (a) Smax = 75 and (b) Smaz = 10
on three wave generation lines
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waves with Hg = 1 m, T, = 5.2 s, 0p = 90° and (a) Smax = 75 and (b) Smaz = 10
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To see whether these circular waves have a large impact on the generated
waves, the directional wave spectrum has been measured by a group of 7 wave
gauges in the centre of the simulation domain. These wave gauges have been
placed in a modified CERC 5 configuration based on the recommendations of
Esteva [28] and Fernandes et al. [29]. Directional spectra have been estimated by
use of the software package WaveLab (Aalborg University), which is based on the
Bayesian Directional Spectrum Estimation Method [30]. The surface elevations
at the wave gauges have been sampled with a frequency of 20 Hz during 9 000 s,
resulting in a total of 180 000 samples. The measured time series has been divided
into subseries with a duration of 102.4 s corresponding to a spectral resolution
of Af =0.00976 Hz. A taper window and an overlap of 20 % have been used
for smoother and statistically more significant spectral estimates. The frequency
range was confined between 0.75 f en 2 f. The directional resolution was chosen to
5° corresponding to 72 directions. The measured frequency spectra are compared
with the target spectra in Figure 5.22 for both wave generation lay-outs and for a
maximum value of the spreading parameter of 75 and 10.

For s,,q42 = 75 very good agreement is observed between both frequency
spectra. For s,,4, = 10 some energy is dissipated near the peak frequency and in
the tail of the spectrum (larger frequencies). In general, no significant difference
between both lay-outs is observed. The two-dimensional energy spectrum for
Smaz = 75 and 10 is shown in Figure 5.21. As the differences between the
directional wave spectra for both wave generation lay-outs are negligible, only
the directional spectra for wave generation on two wave generation lines and an
arc are given.

S(1,8) S(1,6)

90 90
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04 y

150 30
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(@) smaz =175 (b) smaz =10

Figure 5.21: Measured directional wave spectra for irregular short-crested waves with
Hs=1m,T,=5.2s, 00 =90° and (a) Smaxz = 75 and (b) Smaz = 10 on two
wave generation lines and an arc
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The mean wave angle equals 90° for both directional wave spectra. Further-
more a larger directional spreading is observed in the spectrum for s,,,4, = 10, as
expected.

The differences between short-crested wave generation on three wave gen-
eration lines and on two wave generation lines and an arc are negligible. For
regular waves the lay-out with two wave generation lines and an arc performs
better compared to two wave generation lines. Consequently the lay-out with two
wave generation lines and an arc is used in this PhD dissertation for the generation
of regular and irregular long-crested waves (LCW) with 0° < 6 < 90° and for the
generation of short-crested waves. To generate regular and irregular long-crested
head-on waves (6 = 0° or # = 90°), a single wave generation line is used.
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Figure 5.22: Comparison between the frequency spectrum calculated in MILDwave and
the target frequency spectrum for irregular short-crested waves with Hs = I m,
T, =525, 00 =90° and (a) Smax = 75 generated on three wave generation lines,
(b) Smax = 10 generated on three wave generation lines, (¢) Smaz = 735 generated
on two wave generation lines and an arc and (d) smaxz = 10 generated on two
wave generation lines and an arc
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5.4 Domain boundaries

5.4.1 Head-on waves

Absorbing boundary conditions are achieved using the sponge layer method [11,
15]. A sponge layer with length Bj is placed against the edges of the wave basin
(Figures 5.3, 5.5 and 5.18). In MILDwave the numerical absorption of the waves
is obtained by multiplying the calculated surface elevations on each new time step
with an absorption function S(b) that has the value 1 at the start of the sponge
layer and smoothly decreases till the value O at the end. Two absorption functions
S1(b) and S3(b) have been proposed in [2]:

B

Sa(b) = % (1 + cos <77Bi>) (5.31)

with the length of the sponge layer B and the distance from the outside
boundary b, both expressed in number of grid cells.
The absorption functions Si (b) and S2(b) are shown in Figure 5.23.7

b\ 2
S1(b) =4/1— <—> (5.30)

1

0.9r

0 | | | | Bs
b [number of grid cells]

Figure 5.23: Absorption functions S(b) through the sponge layer with length B

In [14] numerical absorption in the sponge layer is achieved by including a
dissipation term in equation (5.2). Consequently equation (5.2) was modified as
equation (5.32).

I

- = —gn— @Dy 5.32
ot gn —whsp (5.32)

>The absorption function Sz (b) is discussed in section 5.4.2.
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The damping coefficient Dy is given by equation (5.33) [14] and shown in
Figure 5.24.

0 outside sponge layer
D, — { wiside sponge fay (5.33)

% inside sponge layer

This method has also been implemented in MILDwave.

0.9r
0.8
0.7
0.6

—_

0.51

0.3r
0.2r

0.1r

b [number of grid cells]

Figure 5.24: Damping coefficient D through the sponge layer with length B

In general a length B, of 3L for regular waves and 2.5 L,,, 4, for irregular waves
[14], where L, is the maximum wave length resulting from the cut-off incident
frequency spectrum, is sufficient.

To test the performance of the sponge layers, regular waves with H; = 1 m
and 7" = 5.2 s are generated in the centre of a numerical wave flume (Figure 5.25)
during 1 000 s. The water depth equals 30 m. At both ends of the wave flume
absorbing sponge layers with a length of 3L are implemented. At each side of
the wave generation line, an array of three wave gauges is installed to measure the
incident wave height H; and the reflected wave height H,.. The distances between
the wave gauges are derived by Mansard and Funke in order to perform a reflection
analysis [31]. The time series at the wave gauges are sampled with a frequency of
10 Hz. The reflection coefficient K, = % when using absorption functions Sy
and S; or a damping coefficient Dy is given in Table 5.1.
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Table 5.1: Reflection coefficient K, for several types of sponge layers

Sponge layer K, [-]

Absorption function S;  0.01
Absorption function S5 0.03
Absorption function S3  0.02
Damping coefficient Dy, 0.02

z
j wave generation cell )
sponge layer || g::;ees ::::es
s=0| F L SWL_ =
A —— Y Y
CCCCCLL I CLLLLL
Ly Y Y
Ly Y Y
z=h|L 1111 L1 Y
| Bs | 400 | Bs |

Figure 5.25: Side view of numerical wave flume

From Table 5.1 it is clear that all types of sponge layers result in a negligible
amount of reflection in the wave flume, when the width of the sponge layer equals
3L (regular waves).

5.4.2 Waves with 0° < 0 < 90°

When waves are not propagating perpendicular to the wave generation line,
absorbing sponge layers need to be installed at the right and left boundaries of
the simulation domain as well (Figures 5.3, 5.5 and 5.18). Otherwise too much
reflection on the side boundaries would occur.

The instantaneous surface elevations at ¢ = 100 7', when regular waves with
H;=1m,T =5.2sand § = 60° are generated on two wave generation lines in a
constant water depth of 70 m (test case as described in section 5.3.1.1) are shown
in Figure 5.26. The absorption function S is implemented to absorb the out-going
waves at the domain boundaries. Some reflection at the domain boundaries occurs
as small disturbances of the surface elevations are observed (the wave elevations
vary between -0.61 m and 0.61 m). By implementing the absorption function S, or
by including the damping coefficient D the same unwanted reflection is observed.
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Figure 5.26: Calculated surface elevations on t = 100 T in MILDwave for regular waves
with H; = 1 m, T = 5.2 s and 0 = 60° generated along two wave generation lines
(absorption function S1 in sponge layers)

Furthermore, these sponge layers at the side boundaries absorb too much
energy from the simulation domain. In Figure 5.27(a) the calculated disturbance
coefficient K4 is given in an inner domain of 1 000 m x 500 m for regular waves
with H; =1 m, T =5.2 sand 6 =90°, generated on a wave generation line parallel

with the x-axis in a water depth of 30 m. The disturbance coefficient K4 <: %)
is the ratio between the numerically calculated disturbed wave height H; in the
domain and the numerically calculated incident wave height at the wave generation

boundary H;.

It is expected that K4z equals 1.0 in the whole inner domain, as no structure is
implemented in the domain. The negative effect of the side sponge layers on K4 in
the inner domain is clearly visible in Figure 5.27(a). Note that the sponge layers are
not shown in Figure 5.27. This effect occurs for each type of sponge layer. When
no side sponge layers are installed, the latter effect disappears (Figure 5.27(b)).
When 0° < 6 < 90° removing the side sponge layers is not possible as the
generated wave pattern would be disturbed by reflection from the side boundaries.
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Figure 5.27: Calculated disturbance coefficient K, for regular LCW with H; = 1 m,
T =5.2sand 0 = 90° in a domain (1 000 m x 500 m) (a) with and (b) without side
sponge layers

To avoid the negative effect of the side sponge layers, the wave generation has
been adapted. At both ends of the wave generation line in the inner domain, along
a length of 3L, the additional surface elevation n* is multiplied with an absorption
function S(b) that decreases from the value 1 till the value O at the boundary with
the side sponge layer, on each new time step. n* equals O inside the side sponge
layers. In Figure 5.28 n* has been multiplied with S over a length of 3L at both
ends of the wave generation lines.
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Figure 5.28: Calculated disturbance coefficient K for regular LCW with H; = I m,
T =5.2sand 0 = 90° in a domain (1 000 m x 500 m) with side sponge layers and
with adapted wave generation

The boundaries of the inner domain are disturbed by the decreasing values
of n*, which makes the useful simulation domain smaller. On the other hand
the central part of the domain is not affected anymore by the side sponge layers
(compared to Figure 5.27(a)).

To avoid this adapted wave generation and the negative effects from the side
sponge layers, another absorption function S5(b) has been designed, based on the
absorption function in Larsen and Dancy [15], developed for a model based on the
non-linear Boussinesq equations [18]. S3(b) equals approximately 1 over a longer
distance in the beginning of the sponge layer (Figure 5.23).

The function S3(b) is defined by:

1
exp ((p=(Bs=b) — =B+ ) Inay,)

The coefficients ;1 and a,, depend on the length of the sponge layer B, [18].
For regular waves with H; = 1 m and 7' = 5.2 s generated in the centre of a wave
flume (Figure 5.25) the reflection coefficient K, equals 2 % for u = 1.04 and
a, = 60. The reflection coefficient when using S3 in the sponge layer is of the

S3(b) =

(5.34)

same order of magnitude as when using the absorption functions .S or S5 or when
using the damping coefficient D, (Table 5.1). Furthermore negative effects of
the side sponge layers are avoided (Figure 5.29). Only at the end of the inner
domain a small deviation is seen. The longer the wave basin, the larger side
sponge layers are needed (Bs > 3L). Also the reflection from the side boundaries
when waves are not propagating perpendicular to the domain boundaries is much
smaller, when comparing Figure 5.26 (absorption function S;) and Figure 5.4
(absorption function Ss).
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Figure 5.29: Calculated disturbance coefficient K, for regular LCW with H; = 1 m,
T =5.2sand 0 = 90° in a domain (1 000 m x 500 m) with the absorption function
S3 in the side sponge layers

In this PhD work the absorption function S5 with 1 = 1.04 and a,, = 60 has
been used in all simulations.

5.5 Code development

The existing source code of the mild-slope equation model MILDwave [3] has
been further developed, extended and validated in this PhD research. The
extension of the wave generation technique, together with the absorbing domain
boundaries, has been described in the previous sections. The validation of the
model is presented in the following sections and in chapter 6. The implementation
of wave power absorption in MILDwave is discussed in chapters 6 and 8. Finally a
preprocessor has been developed to facilitate the preparation of the required input
for MILDwave. The practical use of the mild-slope equation model MILDwave
together with the resulting flow chart of the calculations in MILDwave is given in
appendix E.

5.6 Reflection on a vertical, surface-piercing wall

With the described wave generation and propagation the interaction of waves with
predefined structures (reflection, transmission and diffraction) can be studied in
MILDwave. The reflection on a vertical, impermeable and permeable, surface-
piercing wall is validated with a simple test case in this section. In section 5.7 the
diffraction around the tip of a semi-infinite breakwater is calculated in MILDwave
and compared with analytical results.
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5.6.1 Reflection on a vertical, impermeable, rigid surface-piercing
wall

A vertical, impermeable wall with a length of 36 m has been implemented in a
numerical wave flume (Figure 5.30).

4
. impermeable

| wave generation cell wall 5
z=0 |~ ] SWL =

I — (Y I I

I N I

Lyl s N I

I N I
s=p|LL L 111 L1111 Y

| Bs 384 | Bs |

222

Figure 5.30: Side view of numerical wave flume - dimensions in m

The computational domain consists of an inner domain of 384 m and a sponge
layer in the beginning and at the end. Regular waves with an incident wave height
H; =1 m and wave period 7" = 5.2 s are generated in a constant water depth of
30 m. Figure 5.31 shows the surface elevations between ¢ = 100 7" and ¢t = 101 T’
with an interval of 1/13 7', in the inner domain. Note that the sponge layers are not
shown.

A standing wave with an anti-node next to the impermeable wall is observed,
as expected [32]. An anti-node of a standing wave is a point of the surface profile,
where the water particle oscillates with an amplitude equal to the incident wave
height. The horizontal particle velocity is equal to zero in these points. To obtain
no horizontal particle velocity, the gradient of ¢ must be zero at the intersection of
the water and the impermeable wall [11, 17]. Consequently the value of ¢ in the
first obstacle cell in MILDwave is set equal to the value of ¢ in the water cell next
to the obstacle, to prevent water flow towards the obstacle.
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Figure 5.31: Surface elevations during one wave period (time step of 1/13 T) in a wave
flume with a vertical, impermeable, rigid surface-piercing wall

5.6.2 Reflection on a vertical, permeable, surface-piercing wall

Further a partial reflecting and transmitting wall has been tested in the numerical
wave flume, given in Figure 5.30. The partial reflecting obstacle has been modelled
as an array of cells that have been assigned a given degree of absorption using the
sponge layer technique. An absorption coefficient .S = 0.95 is attached to each cell
of the structure. Each new time step, the calculated surface elevation is multiplied
with this absorption coefficient. The surface elevations between 100 7" and 101 7,
with an interval of 1/13 T', are shown on Figure 5.32.
The surface elevation 7 in front of the obstacle is given by:

= (a; + a,) sin (k(y* + Bs)) cos (wt) (5.35)
— (a; — ay) cos (k(y* + Bs)) sin (wt)

with n; = a;sin (k(y* + Bs) — wt) the incident surface elevation and 7, =
arsin (k(y* 4+ Bs) + wt) the reflected surface elevation. The largest amplitude
Umaz = @i + a, occurs at y* + Bs = L /4 + rL/2 (r = integer), while the smallest
amplitude a,;, = a; — a, is observed at y* + Bs = 0 + rL/2. In this example
large sponge layers in the beginning and at the end of the wave flume are used to
prevent any reflection inside the simulation domain. Therefore B, equals 6.25 L.
a; and a,- can be determined with equations (5.36) and (5.37) [33].

1
a; = 5 (amaa: + amin) (536)
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1

ar = 5 (amaw - amin) (537)

Finally the reflection coefficient on the permeable wall is derived by the ratio
% = W The values of a4, and a,,;, are measured on Figure 5.32 and
eéual 1.22 m and 0.82 m, respectively. The reflection coefficient is equal to 19 %,
which is also obtained when measuring the waves in front of the wall with an array
of three wave gauges and performing a reflection analysis.

Behind the obstacle an almost perfect progressive wave with an amplitude of
0.10 m is observed. Reflection on the absorbing sponge layer at the end of the

wave flume is negligible (+1%).
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Figure 5.32: Surface elevations during one wave period (time step of 1/13 T) in a wave
flume with a vertical, permeable, surface-piercing wall

5.7 Wave diffraction around the tip of a semi-infinite
breakwater

A semi-infinite breakwater has been modelled in MILDwave as a totally reflective
obstacle. Regular waves with an incident wave height H; = 1 m and a wave period
T = 5.2 s have been generated on a line, at a distance of 3 L up wave of the
breakwater, in a domain of constant water depth (= 30 m). The incident waves
propagate perpendicular to the breakwater (¢ = 90°). The inner domain has a
width of 20 L and a length of 10 L behind the breakwater. Absorbing sponge
layers have been placed around the inner domain to prevent reflection inside the
simulation domain. The computational domain is shown in Figure 5.33.
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Figure 5.33: Plan view of computational domain for diffraction around a semi-infinite
breakwater

The diffraction coefficient, defined as the ratio between the diffracted wave
height in the lee of the breakwater and the incident wave height at the breakwater
tip, calculated in MILDwave is compared to the diffraction coefficient, denoted by
K, given in the diagram of Wiegel [8] in Figure 5.34.
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Figure 5.34: Comparison between diffraction coefficients in the lee of a semi-infinite
breakwater, calculated in MILDwave and given in the diffraction diagram of
Wiegel [8]

The diffraction theory for a semi-infinite breakwater was developed by Penny
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and Price [34]. They showed that the solution of Sommerfield for diffraction of
light passing the edge of a semi-infinite screen, also applies to the diffraction of
linear surface waves that propagate past the end of a semi-infinite thin, vertical-
faced, rigid, impermeable barrier. Wiegel [35] has compiled the analytical results
from Penny and Price as diffraction diagrams [8]. Figure 5.34 shows a very
good agreement between the analytical and numerical results in the lee of the
breakwater. Next to the breakwater, a larger zone with K’ > 1.10 is observed
in MILDwave compared to the analytical results. In the left part of the figure, the
contours in the numerical results and in the diffraction diagram differ, while their
values vary in both cases between 0.9 and 1.1. The disturbance coefficients smaller
than 0.2 are shown in more detail in Figure 5.35.
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Figure 5.35: Detailed comparison between diffraction coefficients smaller than 0.2 in the
lee of a semi-infinite breakwater, calculated in MILDwave and given in the
diffraction diagram of Wiegel [8]

In general a good agreement is found. The contours in MILDwave correspond
better with the contours in the diffraction diagram for higher values of K.

5.8 Conclusions

In this chapter the wave generation and propagation in the mild-slope equation
model MILDwave have been presented. In the past, only regular and irregular
long-crested head-on waves were generated in MILDwave with the source term
addition method. In this chapter this internal wave generation technique has been
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extended to generate regular and irregular long-crested waves with varying wave
angles and irregular short-crested waves. Generating regular long-crested waves
with 0° < # < 90° on two wave generation lines and an arc results in the most
accurate wave pattern in the simulation domain. This wave generation set-up is
also used to generate irregular long-crested waves with 0° < 6 < 90° and short-
crested waves in this PhD dissertation. Long-crested head-on waves are generated
on a single wave generation line. Furthermore, wave generation on a circle has
been implemented to simulate waves radiated by WECs of the first category. This
wave generation set-up has been validated by using the principle of conservation
of energy.

When waves are not propagating along the x-axis or y-axis, absorbing
side sponge layers, together with absorbing sponge layers in the beginning
and at the end of the simulation domain, are needed to prevent reflection
from the domain boundaries. The common types of absorbing sponge layers
absorb too much energy from the simulation domain when installed at the side
boundaries. Moreover, still some reflection from the side boundaries is observed.
Therefore a new absorption function has been developed. This absorption function
overcomes this unwanted energy absorption and diminishes wave reflection inside
the simulation domain.

The wave transformation processes wave reflection, transmission, diffraction
and power absorption are very important when modelling a WEC in MILDwave.
The first three processes are simulated intrinsically in MILDwave and have been
validated at the end of this chapter with two test cases; reflection from (and
transmission through) a vertical, surface-piercing wall and diffraction around the
tip of a semi-infinite breakwater. As expected, a standing wave in front of an
impermeable wall is obtained, while a partial reflected wave in front of a permeable
wall is observed. In general, a good agreement with the diffraction diagram of
Wiegel is seen.
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A farm of wave energy converters in
MILDwave

6.1 Introduction

In a first part of this chapter a technique (sponge layer technique) is developed
to implement a single and multiple WECs based on the overtopping principle
in the time-dependent mild-slope equation model MILDwave (chapter 5). Each
combination of reflection and transmission characteristics, and consequently
absorption characteristics, can be modelled for all individual WECs in a farm
according to the methodology presented in this chapter. The WEC implementation
and its limitations are discussed in detail through a sensitivity analysis. The sponge
layer technique, as described in this chapter, is extended in chapter 8 to implement
a WEC of the first category.

In a second part of this chapter the developed approach is used to study the
wave height reduction (wake effect) behind a single hypothetical WEC and a
farm of hypothetical WECs of the overtopping type. The considered hypothetical
WEC has the same working as a prototype WEC of the overtopping type and
is for simplicity square. First the wake behind an isolated hypothetical WEC
is investigated for uni- and multi-directional waves. Further, a farm of nine
hypothetical WECs is implemented in MILDwave. The overall wave power
absorption is studied for two farm lay-outs, i.e. an aligned grid and a staggered
grid and for varying lateral and longitudinal spacing. The performance of each
WEC in the farm is adapted to its incident wave power. The evolved technique
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to study a farm in MILDwave is compared to a simplified technique, where
a farm is modelled as one transmitting obstacle, used in [1-4] (see chapter 4
- section 4.3). Finally the power absorption of a farm of hypothetical WECs
installed in a staggered grid on the Belgian Continental Shelf is assessed. In
chapter 7, the methodology developed in this chapter is applied to a prototype
WEC of the second category; the Wave Dragon WEC.

In a third part the implementation of wave power absorption in MILDwave is
validated. When a WEC of the overtopping type is implemented in MILDwave
the incident wave power is partly absorbed and partly redistributed around the
WEC. The wave transformation processes reflection, transmission and diffraction
have been validated with two simple test cases in chapter 5. In this chapter these
physical processes are validated together with wave power absorption through
experimental tests. First, the wave pattern around a complete reflective and an
absorbing obstacle (WEC) is determined. Further, a farm of three absorbing
obstacles is tested. At the end of this chapter a method is developed to calculate
the power absorption of a WEC in a two-dimensional domain in MILDwave.

6.2 Implementation of wave power absorption in
MILDwave

A WEC is a fixed or moored (rigidly or slack) structure that is able to extract wave
power by its specific design. The amount of power produced by the WEC, as a
function of the incident wave climate, is generally determined through a numerical
or physical model of the WEC and summarized in a power matrix. In this section
a technique is described to simulate WECs based on the overtopping principle
which capture the water volume of overtopped waves in a basin above sea level
and consequently absorb a part of the incident wave power comparable to a porous
structure. Incident waves are partly reflected from the WEC, are partly overtopped
in the basin and consequently absorbed and partly transmitted under and around
the structure. Therefore, a WEC is only absorbing a specific amount of the incident
wave power available over the width of the device. The degree of absorption, as
a function of the incident wave climate, can be derived based on a power matrix
from the WEC developerl. Also, the amount of reflection from the structure can
be specified by the developer. In most cases the amount of reflection will be rather
small as a WEC is designed to absorb wave power and to reduce energy losses by
reflection and transmission.

IThe produced power is the electrical power generated by the WEC. Transmission losses and losses
due to planned and unplanned maintenance are not taken into account, unless explicitly mentioned.
The produced power or electrical power generated by the WEC equals the absorbed power multiplied
with a reduction factor to account for conversion losses (a.o. losses in generator).
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A WEC is implemented in MILDwave as an array of cells (covering the spatial
extensions of the WEC) that have been assigned a given degree of absorption
using the sponge layer technique (Figure 6.1). Absorption functions S(z) or S(y)
define the absorption coefficient S attached to each cell of the WEC in x-direction,
respectively y-direction. By changing the values of the absorption coefficients
or the number of absorbing cells, the degree of reflection and transmission and
consequently absorption of the porous structure can be changed.

Figure 6.1: Definition sketch of a WEC implemented as an array of cells

When assuming a constant absorption coefficient .S for all cells of the WEC,
the amount of reflection, transmission and absorption are coupled, as seen in
Venugopal et al. [5]. To avoid this coupling, different absorption functions S(y)
are designed to tune the degree of absorption (and consequently transmission) for
a fixed amount of reflection from the WEC as specified by the developer (section
6.2.3).

6.2.1 Numerical set-up

To tune the reflection, transmission and consequently absorption characteristics of
a WEC a structure composed of a series of absorbing cells has been implemented
in a numerical test flume (Figure 6.2). The structure has a length equal to the
length of the WEC and a width equal to the wave flume width.
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Figure 6.2: Definition sketch of numerical test flume - cross section

To determine the amount of reflection from and transmission through the
absorbing structure, four wave gauges (WQG) are placed in the numerical wave
flume (Figure 6.2).

Three wave gauges are installed half a wave length in front of the structure to
determine the incident and reflected wave with a reflection analysis. One wave
gauge is placed two wave lengths behind the WEC to measure the transmitted
wave. The time series at the wave gauges are sampled with a frequency of 10 Hz.

In all tests, a uniform deep water depth h is used. To obtain a steady state wave
field, waves are generated during 3 000 s with a time step At =0.1 s. Waves with a
peak period of approximately 5.2 s (1}, = 1.1 T, [6]) and a significant wave height
of approximately 1 m have a high frequency of occurrence in the southern North
Sea (Tables 2.6, 2.10 and 2.11) and are considered as an input for the simulations.

The wave conditions (regular (reg) or irregular (irreg) waves, wave period 1" or
peak wave period 7}, and number of frequencies /V) and numerical test conditions
(water depth h, grid spacing Az and the number of grid cells along the length of
the computational domain N,) are given for five test cases in Table 6.1.

Table 6.1: Wave conditions and numerical test conditions for five test cases in a wave flume

Test Typeofwave T orT,[s] hm| Az[m] N,[-] NI[-]
A reg 5.2 30 3 214 1
B reg 5.2 30 3 226 1
C reg 6.5 70 3 427 1
D reg 7.8 70 3 843 1
E irreg 5.2 70 1 1678 50

To study the impact of the wave period, two test cases with a higher wave
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period (Test case C and D) have been selected. In all tests waves with a wave height
of 1 m have been generated as the reflection coefficient K, = g—:, the transmission
coefficient K; = % where H; is the transmitted wave height, and consequently
the amount of absorzption are independent of the incident wave height.

Two parameters can be varied to tune the WEC for a given wave climate; the
value of the absorption coefficients (sections 6.2.2 and 6.2.3) and the number of

absorbing cells (section 6.2.4).

6.2.2 Influence of the value of the absorption coefficient on the
absorption characteristics

A WEC with a length of 36 m and with a constant absorption coefficient
S(z)=S(y)=S along its length has been implemented in the wave flume (Fig-
ure 6.3).

Absorption coefficient S [-]

0 I I I I I I I I I I I
0 3 6 9 12 15 18 21 24 27 30 33 36

Length wave energy converter [m]

Figure 6.3: Model of WEC with a constant absorption coefficient S along its length

To study the absorbing effect of the WEC the absorption coefficient .S has been

assigned values from 0, increasing with 0.1 up till 1. The ratio of the measured
wave amplitude 7); to the target wave amplitude a = %, |’Z;|, the reflection

coefficient K, and the transmission coefficient K; are shown in Figure 6.4 as a
function of the value used for S for test case A.
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Figure 6.4: Dimensionless measured wave amplitude ‘Z" L reflection coefficient K, and

transmission coefficient K; for a WEC of 36 m with a constant absorption
coefficient S, ranging from 0 to 1, for test case A

The measured wave amplitude 7; is slightly higher than the target amplitude a
due to small oscillations as seen in [7, 8]. When S = 0, respectively 1, all incident
wave power is reflected, respectively transmitted (Figure 6.4). A structure with a
value of S equal to O represents a fully reflective structure. Cells with S equal to
1 are water cells. When the absorption coefficient is varying between 0 and 1, the
incident wave is partly reflected, absorbed and transmitted. Figure 6.5 is showing

%, K, and K; in more detail for values of S between 0.8 and 1.
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Figure 6.5: Dimensionless measured wave amplitude ‘Z"', reflection coefficient K, and
transmission coefficient Ky for a WEC of 36 m with a constant absorption

coefficient S, ranging from 0.8 to 1, for test case A

K, varies from quasi O to 1 for S between 0.8 and 1. For a WEC of 36 m
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length, absorption coefficients need to vary between 0.9 and 1 when the WEC is
not reflecting and absorbing all wave power.
The degree of absorbed power % in deep water is calculated with (conserva-
tion of energy):
Py

5 =1-K?>-K? (6.1)

with P, the wave power absorbed by the WEC (W) and F; the incident wave
power over the width of the wave flume (W).?
Figure 6.6 gives the degree of power absorption as a function of the value used

for S.
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Figure 6.6: Dimensionless absorbed wave power, %, for a WEC of 36 m with a constant
(2
absorption coefficient S, ranging from 0 to 1, for test case A

As Figure 6.6 shows, each level of absorption can be modelled, but each level
of absorption is coupled with a specific amount of reflection and transmission (as
seen on Figure 6.4). It is possible that the amount of absorption coupled with the
appropriate absorption coefficient to obtain the reflection coefficient given by the
developer of the device, is not the actual degree of absorption of the device. This
is the case if we consider for instance a WEC of 36 m length with a reflection
coefficient of 0.1 and which is absorbing 80 % of the incident wave power. On
the one hand, to obtain a reflection coefficient of 0.1, the WEC should consist of
cells with an absorption coefficient of 0.98 (Figure 6.5) while on the other hand an
absorption coefficient of 0.8 (Figure 6.6) is needed to obtain the required amount
of absorbed power. To overcome this coupling several shapes of the absorption
function S(y) have been designed. Note that the considered amount of absorption
of 80 % is only used to illustrate the developed methodology. In practice the

2 P denotes the wave power (W) while p represents the wave power per meter of wave crest (W/m).
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maximum observed amount of absorption of WECs of the overtopping type equals
approximately 60 % [9, 10].

6.2.3 Uncoupling of reflection and transmission

The uncoupling of reflection and absorption is obtained by changing the shape
of the absorption function S(y) through the WEC (when the direction of wave
propagation = y-direction). As an example a WEC with a reflection coefficient
of 0.35 (which means that 12 % of the incident wave power is reflected) and a
degree of absorption of respectively 78 %, 86 % and 87 % for test case A has been
modelled. Therefore three different curves of the absorption coefficient through
the WEC, S1(y), S2(y) and S3(y), have been considered as shown in Figure 6.7.

| . .

- 8,()-78%
S,(y) - 86 %
-8y -87%

Absorption coefficient S [-]

0.6

L 1 L 1 1 1 L
3 6 9 12 15 18 21 24 27 30 33 36

Length wave energy converter [m]

05 I 1 1 I
0

Figure 6.7: Change in absorption coefficient S through the WEC resulting in a degree of
absorption of respectively 78 % for S1(y), 86 % for S2(y) and 87 % for Ss3(y)

As K is only affected when S is varying between approximately 0.9 and 1
(Figure 6.5), the three chosen curves of the absorption coefficient vary between
0.9 and 1. The effect on K, of the three different curves is minimal (Figure 6.8).
The value of K, is equal to the value of K, for S = 0.9 in Figure 6.5. K is only
influenced by the value of S in the edge cells of the WEC. On the other hand K is
clearly affected by the variation of .S through the WEC (Figure 6.8). When using
Sa(y) and Ss3(y) almost no wave power is transmitted. On the other hand when
Si(y) is implemented, K is approximately 15 times higher than K for S =0.9 in
Figure 6.5.
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Figure 6.8: Reflection coefficient K, and transmission coefficient K for three different
shapes of the absorption function S(y), as defined in Figure 6.7, for test case A

By changing the shape of the absorption function S(y) through the structure,
the amount of transmission and consequently absorption is made independent of
the amount of reflection. This way the degree of absorption (and consequently
transmission) of the WEC, derived from the power matrix of the WEC, can be
tuned for a fixed amount of reflection from the WEC as specified by the developer.
So far only a WEC with a fixed length of 36 m has been considered. In a next
paragraph the length of the WEC will be varied while the absorption coefficient is
kept constant along its length (Figure 6.3).

6.2.4 Influence of the length of the WEC on the absorption
characteristics

In Figures 6.9 and 6.10 the reflection, respectively transmission coefficient is given
for a WEC with constant absorption coefficient S = 0.9 and S = 0.98 as a function
of its length for test case B. After approximately 15 m the reflection coefficient is
constant (Figure 6.9). Furthermore, the variation in the first 15 m is rather small
(£ 0.1 H;). For a higher absorption coefficient a longer obstacle is needed to
reduce the amount of transmission (Figure 6.10) and consequently to obtain a
higher level of absorption, as the variation of the reflection coefficient along its
length is rather small (Figure 6.9).
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Figure 6.9: Reflection coefficient K, for WECs with a constant absorption coefficient
S =0.9and S = 0.98 and increasing length for test case B
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Figure 6.10: Transmission coefficient K+ for WECs with a constant absorption coefficient
S =0.9and S = 0.98 and increasing length for test case B

Figure 6.11 shows the reflection coefficient as a function of the absorption
coefficient S' for a WEC with a length of respectively 3 m, 18 m and 36 m for
regular waves with [; =1 m and 7" = 5.2 s (test case B). As expected K is equal
for the three structures, as only the edge cells determine the amount of reflection.
Figure 6.12 shows the dimensionless absorbed wave power as a function of the
absorption coefficient S for a structure of 3 m, 18 m and 36 m for test case B. The
maximum amount of absorbed wave power of the implemented WEC is depending
on the dimensions of the WEC.
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Figure 6.11: Reflection coefficient K, for WECs with a constant absorption coefficient S,
ranging from 0 to 1, and length of respectively 3 m, 18 m and 36 m for test case B
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Figure 6.12: Dimensionless absorbed wave power, %, for WECs with a constant
absorption coefficient S, ranging from 0 to 1, and length of respectively 3 m, 18 m
and 36 m for test case B

When modelling a rather small WEC (smaller than approximately 18 m) an
absorption of 100 % cannot be obtained, even not with the technique of uncoupling
the reflection and transmission as the number of cells to vary the absorption
coefficient is rather small. Each level of absorption can be modelled when the
WEC is sufficiently long (> 18 m). In general WECs based on the overtopping
principle have sufficiently large dimensions to model each level of absorption.

The dimensionless absorbed wave power for a structure with a length of 3 m
(1 cell) as shown on Figure 6.12 indicates that a cell always has a specific intrinsic
absorption. An absorption coefficient of 0.8 implies an intrinsic absorption of 55 %
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for regular waves with 7' = 5.2 s. A smaller absorption cannot be obtained when
implementing a WEC where the edge cell has an absorption coefficient equal to
0.8. An absorption coefficient equal to 0.8 corresponds to a reflection coefficient
equal to 0.5 (Figure 6.11), which means that 25 % of the incident wave power
is reflected. As WECs are designed to absorb as much wave power as possible
and to minimize energy losses (e.g. by partly reflecting the incident wave) an
absorption coefficient higher than 0.8 will be necessary to reduce the amount
of reflection (Figure 6.11). Moreover a higher absorption coefficient results in
a smaller intrinsic absorption (Figure 6.12). All levels of power absorption higher
than the intrinsic absorption can be obtained under the condition that the WEC has
a sufficient length to reach an absorption equal to 100 %. As a consequence the
range of possible levels of power absorption increases with increasing absorption
coefficient.

To summarise, for a sufficiently large WEC (> 18 m for 7' = 5.2 s or
M > 0.4) and a small amount of reflection, all levels of absorption,
except very small absorption levels (smaller than the intrinsic absorption of the
edge cells) which are not desirable in the current application, can be obtained.

6.2.5 Frequency dependent absorption

In a real situation the power absorption of a WEC will vary along the frequencies in
the wave spectrum. A WEC will be tuned for a specific frequency range and cannot
capture all the wave power of all frequency components. Therefore the influence
of the wave period on the amount of absorbed wave power will be studied first.
Further the change of the incident wave spectrum due to the absorbing effect of the
WEC in the wave flume is studied. Finally, a WEC with a frequency dependent
absorption as specified by the developer has been implemented in MILDwave.

6.2.5.1 Influence of the wave period on the absorption characteristics

In the previous sections only regular long-crested waves with wave period 7'=5.2 s
have been generated. Two additional regular wave tests (C and D in Table 6.1)
with respectively 7'= 6.5 s and T' = 7.8 s are performed to analyse the frequency
dependency of the absorption technique. The resulting reflection and transmission
coefficients for different lengths of a WEC using a constant absorption coefficient
S =0.9 are given in Figure 6.13 and Figure 6.14 for test cases B, C and D.

The amounts of reflection and transmission are increasing with increasing
wave period. Moreover the increase of K is higher compared to the increase
of K. Figure 6.14 indicates that for a larger wave period a longer WEC is needed
to reduce the amount of transmission. One can clearly see that a transmission
coefficient of 0.1 is obtained for a wave period 7' = 5.2 s and 7" = 7.8 s when the
WEC has a length of respectively 20 m and 36 m. When calculating the amounts of
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reflection and transmission as a function of the dimensionless length of the WEC
(:M), an increase in amount of reflection for increasing wave period
still occurs, while on the other hand the amount of transmission is decreasing with

increasing wave period.
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Figure 6.13: Reflection coefficient K, for WECs with a constant absorption coefficient
S = 0.9 and increasing length for regular waves with wave periods of respectively
52s,65sand 7.8 s
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Figure 6.14: Transmission coefficient K for WECs with a constant absorption coefficient
S = 0.9 and increasing length for regular waves with incident wave periods of
respectively 5.2 s, 6.5 s and 7.8 s

Further the dimensionless absorbed wave power is shown for a WEC with a
fixed length of 36 m as a function of the absorption coefficient (Figure 6.15) for
regular waves with respectively T'=5.2's, 6.5 s and 7.8 s.
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Figure 6.15: Dimensionless absorbed power, %, for WECs with a constant absorption
coefficient S, ranging from 0 to I and a length of 36 m for regular waves with
incident wave periods of respectively 5.2 s, 6.5 s and 7.8 s

As expected the amount of absorbed wave power is decreasing with increasing
wave period as the amount of reflection and transmission increase with increasing
wave period (Figure 6.13 and Figure 6.14). The impact of the wave period is
increasing with increasing value of S (Figure 6.15).

Not only the value of the absorption coefficient and the length of the WEC
affect the amount of absorption, but also the wave period. Consequently a tuning
of the amount of reflection and absorption is needed for each wave climate.

6.2.5.2 Intrinsic frequency dependent absorption in MILDwave

As the amount of reflection from and the amount of transmission through a WEC
depends on the incident wave period (Figure 6.13 and Figure 6.14), the change of
the incident wave spectrum due to the energy absorbing effect of a wave energy
converter in the wave flume is studied.

A WEC with a length of 36 m and a constant absorption coefficient S' = 0.98
has been tested in the wave flume (Figure 6.2) using irregular waves with H; =1 m,
T, = 5.2 s (Test case E). The frequency range was confined between 0.75 fen2f
which covers 94 % of the total energy. Consequently the target significant wave
height was reduced to 0.97 m.

The surface elevations at the wave gauges were recorded from 200 s to 3 000 s
with a sampling interval of 0.1 s (total number of samples equal to 28 000). The
estimation of the wave spectrum was based on subseries having a duration of
204.8 s corresponding to a spectral resolution of Af = 0.00488 Hz. Again a
taper window and an overlap of 20 % have been used. Figure 6.16 shows the
measured incident wave spectrum S;(f) and transmitted wave spectrum S;(f) in
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front of and behind the WEC respectively. Furthermore the reflection coefficient,

K.(f) = g:((]{)) , with S,.(f) the reflected wave spectrum, and the transmission

coefficient K;(f) = 4/ ?E;; are given as a function of frequency.
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Figure 6.16: Comparison of frequency spectrum (v = 3.3) in front of and behind the WEC
with a constant absorption coefficient S = 0.98 and a length of 36 m for test case E

Surprisingly the transmission coefficient is slightly increasing with increasing
Hz’i_g%f_H?’t where Hy ;, Hy ., Hs 4
are respectively the significant incident, reflected and transmitted wave height) is
obtained which differs only slightly from the absorption of 85 % obtained for a
regular wave with H; = 1 m and 7" = 5.2 s (Figure 6.6). The small difference
is caused by the nearly proportionally decrease of energy for all frequencies and
consequently relatively small differences in amount of absorption for the different
frequencies (Figure 6.17). Furthermore the overall reflection coefficient K, =
g = and overall transmission coefficient K; = ZZ have approximately the same
value as K, and K, for a regular wave with H; = 1 m and 7' = 5.2 s. In a real
situation the decrease of energy along the different frequencies of the spectrum will
vary according to the amount of power absorption of the WEC for the frequency

components in the spectrum as specified by the WEC developer.

frequency. A power absorption of 80 % (
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Figure 6.17: Dimensionless absorbed wave power by a WEC with a constant absorption
coefficient S = 0.98 and a length of 36 m for test case E

6.2.5.3 Frequency dependent absorption as specified by the developer

A typical example of the variation of the absorption of a WEC as a function
of wave frequency is shown in Figure 6.18. In this section a WEC of 36 m
and incident irregular long-crested waves with H; = 1 m and 7}, = 5.2 s have
been considered. The corresponding overall absorption equals 37 % (= the total
absorbed wave power in kW/m for all frequencies divided by the wave power in
the incident wave).
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Figure 6.18: Dimensionless absorbed wave power of a WEC for ten wave frequencies as

specified by the developer

For each frequency component and corresponding wave height H (H =
/8S(f)Af) and absorption as specified in Figure 6.18, the transmitted wave
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height H; is determined based on equation (6.1). K, is assumed smaller than
0.1 so that the amount of reflected wave power can be neglected. The resulting
transmitted wave spectrum is shown in Figure 6.19.
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Figure 6.19: Comparison of transmitted frequency spectrum for a WEC with a frequency
dependent absorption specified by the developer and with an intrinsic frequency
dependent absorption

Further the transmitted wave spectrum has been measured in the wave flume
(Figure 6.2) behind a WEC of 36 m with an absorption of 37 % for incident
irregular long-crested waves with Hy, =1 mand 7, =5.2s.

In Figure 6.19 a comparison is made between the transmitted wave spectrum
behind the WEC with an overall absorption of 37 % with a frequency dependent
absorption as specified by the developer on the one hand and an intrinsic frequency
dependent absorption as seen in the previous section on the other hand.

Both transmitted wave spectra correspond to a significant wave height of
0.77 m as the overall absorption is equal, but the transmitted wave spectra differ.
The wake behind a WEC, where the frequency dependent absorption is specified
by the developer, should be studied for each frequency component separately as the
amount of absorption of the WEC in its lee will depend on the remaining energy
in the considered frequency components. The latter remark also counts for wave
direction dependent WECs. The wake should then not only be calculated for each
frequency component but also for each wave direction.
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6.3 Application of wave power absorption in MILD-
wave

6.3.1 Wake behind a single hypothetical WEC

It is clear that the energy absorbing effect of a WEC reduces the wave height at
its leeside. The amount of the reduction depends on the geometry (length and
width) and the amount of absorption (absorption coefficient) of the WEC and on
the incident wave climate. As an example the wake behind a hypothetical WEC
of the overtopping type is studied in this section for four sea states with H; =1 m
and T, = 5.2 s or 7.8 s (Table 6.2). Irregular long-crested and short-crested waves
are generated during respectively 3 500 s and 10 000 s with a time step of 0.05 s.

Table 6.2: Sea states

Test Ty [s] Smaz[=] N[-] M [-]

F 5.2 - 50 -
G 7.8 - 50 -
H 5.2 75 20 11
I 5.2 10 20 11

The considered hypothetical WEC has the same working principle as a
prototype WEC of the overtopping type and has for simplicity a square plan view
shape (36 m x 36 m). The WEC is assumed to be fixed. The hypothetical WEC has
a prespecified capture ratio of 45 % and a prespecified overall reflection coefficient
of 0.14, for a sea state with H; =1 m and T, = 5.2 s or 7.8 s. The capture ratio is
defined as the ratio between the absorbed power and the wave power incident on a
wave-front width equal to the width of the WEC.

Capture ratios between 10 % and 60 % for a floating WEC with multi level
reservoirs have been experimentally (scale 1:45) obtained in the deep water 3D
wave tank at Aalborg University [10]. In Tedd et al. [9] overtopping measurements
between October 2004 and January 2005 on the 1:4.5 prototype Wave Dragon
WEC at Nissum Bredning have been analysed. Capture ratios from a few per
cent up to 60 per cent were observed. The assumed capture ratio of 45 % for the
hypothetical WEC in this study represents the higher capture ratios which deserve
most attention as they cause the largest wave height decrease. In chapter 7 a Wave
Dragon WEC is implemented in MILDwave. The amount of the reflection on the
ramp is determined by assuming that all energy below the bottom of the reservoir
is transmitted. The ratio between the transmitted wave power and the wave power
incident on a wave-front width equal to the width of the WEC varies between 2 %
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and 42 %. In this study a ratio of 55 % is considered for the hypothetical WEC, as
the amount of reflected wave power is negligible (overall reflection coefficient of
0.14).

The amounts of reflection and absorption of the hypothetical WEC are tuned in
a wave flume with a width of 36 m. The edge cells of the WEC have been assigned
an absorption coefficient with a value of 0.975 to obtain the correct amount of
reflection (Figure 6.5) while the absorption coefficient increases up till the value 1
through the WEC to get a sufficient high transmission and consequently to obtain
a capture ratio of 45 % for T, = 5.2's. As the values of K, and K; are equal
for regular and irregular long-crested waves (section 6.2.5.2) Figure 6.5 could be
used. Without the technique of uncoupling the reflection and transmission, only an
absorption of 90 % would have been possible with an overall reflection coefficient
of 0.14, as seen in Figure 6.6. The intrinsic frequency dependent absorption in
MILDwave is used as an example. As explained in section 6.2.5.3 the frequency
dependent absorption of the WEC as specified by the developer can be easily taken
into account.

The values of the absorption coefficient through the WEC have been tuned
separately for each peak wave period to obtain a capture ratio of 45 %, since
the absorption is frequency dependent. Depending on the type of WEC, the
capture ratio can vary with mean incident wave direction. Only head-on waves
are considered in this study.

The disturbance coefficients K4 in a wave basin with a single WEC for long-
crested waves (head-on, 6 = 90°) with a peak wave period of respectively 5.2 s
and 7.8 s (test cases F and G) are shown in Figures 6.20 and 6.21. The disturbance

coefficient K4 <: h) is the ratio between the numerically calculated disturbed

Hs .

significant wave height H; ; and the numerically calculated incident significant
wave height at the wave generation boundary H ;. On these figures only the useful
domain without sponge layers is shown. These long-crested waves are generated
on a wave generation line parallel with the x-axis. The length and the width of
useful domain are equal to respectively 15L and 10L where L = 100 m (deep

water wave length for 7}, = 7.8 s) for all test cases.
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Figure 6.20: Calculated disturbance coefficient K4 in a wave basin with a single WEC
(capture ratio of 45 %) for irregular long-crested waves (head-on) with T, = 5.2 s

(test case F)
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Figure 6.21: Calculated disturbance coefficient K i in a wave basin with a single WEC
(capture ratio of 45 %) for irregular long-crested waves (head-on) with T}, = 7.8 s

(test case G)
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The position of the WEC is indicated by a white square. The WEC consists of
concentric squares with values for the absorption coefficient increasing from 0.975
up to 1 (7,, = 5.2 's). This concentric lay-out may have a minimal impact on the
capture ratio of 45 %, as defined in the wave flume, due to edge effects. It will be
shown in section 6.4.3 that this impact is negligible.

A small wave height increase at the edges of the wake due to diffraction is
observed for both wave periods. The wave height decrease behind the WEC is
smaller for a peak wave period of 7.8 s, approximately 0.175 m, compared to
0.225 m for a peak wave period of 5.2 s. Furthermore, the shadow zone is wider
for a higher wave period. This result indicates that the peak wave length will
influence the optimal pattern of a farm where a WEC should avoid the centre of
the wake location of a neighbouring WEC. If swell waves are dominating, the peak
wave period with the highest frequency of occurrence should be taken into account
when designing the optimal pattern of a farm.

On the other hand, if wind waves are dominating, the shadow zone will be
smaller and less visibly dependent on the directional spreading of the short-crested
waves.

The disturbance coefficients around a single WEC are calculated for short-
crested waves with a mean wave direction of 90° (Figure 6.22 and Figure 6.23)
where the directional width is increasing from approximately 9° (5,42 = 75) up
to 24° (Smaz = 10) for the peak period (a