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1 Introduction and scope

1.1 Rationale behind the BOREAS project

The new Climate Action — Energy for a Changing World of the European Commission
proposed several measures to fight climate change and promote renewable energy. One of those
measures includes legally enforceable targets to increase the share of renewable in the energy
mix of each Member State. The target of the renewable share in the European Union is set to 20%
by the year 2020, and the European Commission has set individual targets for every Member
State. In the case of Belgium, the target is set to 13%, whereas the renewable share in 2008 was
only 3.3 % (Eurostat, 2010).

Basically, this is the consequence of the (post)-Kyoto-agreements. But apart from this,
consumption of energy is increasing year by year whilst it is proving increasingly difficult to find
and extract sufficient fossil fuels to cover the annual increase in consumption. Contributions to
the share of renewables are required from various sources, such as biomass, wind, hydropower
and solar energy. In particular, offshore wind has boosted during recent years.

Offshore wind energy is now at a stage where it is becoming a competitive energy source.
The cost of power generated from onshore wind farms in the most interesting locations is now
reaching the level of most fossil fuel sources. During recent years a number of wind farms have
been developed in shallow seas around the European coasts. Offshore developments give larger
sites and the advantages of economies of scale. Offshore sites also have the advantage of being
“out of sight, out of mind“, in addition to providing higher and more regular wind energy
resources. However, offshore wind developments are facing a number of technological challenges
specifically related to turbine tower foundations, and maintenance of the installations.

Ocean energy is an unexploited source of offshore energy, and is getting more attention of
technology developers and policy makers. The main forms of ocean energy are wave energy and
tidal current energy. They both have several advantages over wind energy such as: higher energy
density, more predictable resources and less visible than windmill farms. Wave energy is also
more persistent than wind: waves will transfer energy from windier areas to coastal zones and
remain long after the wind has dropped. Tidal current energy is extremely predictable, as the
most important driving force is the astronomical tide.

Consequently, a number of different technologies for wave and tidal current energy
conversion have been developed, but up to now few of them have resulted in commercial
development beyond the prototype stage. BOREAS (Belgian Ocean Energy Assessment) made an
overview of the current technologies, and their possible applications on the Belgian Part of the
North Sea (BPNS).

1.2 BOREAS project

1.2.1 Main themes

So far, the OPTIEP report (Mathys et al. 2010), also funded by BELSPO, was the only study to
made a first assessment of the resource of the wave and tidal current energy climate on the
entire (BPNS). BOREAS is building further on this study and aims at being a comprehensive study
regarding wave and tidal energy applications on the BPNS.
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This project assessed this potential and involved 5 main themes:

e Making an overview of existing wave or tidal current converters (“long-list”) based on
scientific literature and publically available information provided by the device
developers or third parties such as, Ocean Marine Energy Centre (EMEC), Ocean
Energy Systems Implementing Agreement (IEA-OES), Electric Power Research
Institute (EPRI) and The Carbon Trust. A selection of the most appropriate converters
for the specific conditions on the BPNS (“short-list”) will be discussed in detail.

e Assessing the wave and tidal current climate, and hence the available potential. This
assessment will be based on numerical results from the coupled WAM-COHERENS
model, that allows both wave and tidal current modelling. Based on a 10 year hind
cast, it will be possible to determine yearly, seasonally and monthly variations.
Furthermore, the results will be verified against other numerical models (both for
wave and tidal energy).

e Selection of interesting sites. Based on the current or expected space claims on the
BPNS (either fixed, such as navigation ways or non-fixed such as fishery) and the
knowledge of the available ocean energy potential, a selection and description of the
most promising sites on the BPNS can be made.

e Assessing the extractable potential, based on the limitations of the converters (the
“short-list”) and the optimal sites. Starting from the extractable potential, an
estimation of the cost of the electricity for several converters can be established.
Based on the extractable potential, a possible synergy between offshore wind, wind
and/or tidal current energy can be assessed.

e  Further recommendations for the further deployment and potential exploitation of
wave and tidal current energy on the BPNS.

UGent Afdeling Weg- en Waterbouwkunde (hereafter ‘AWW’) was the overall coordinator of
the BOREAS-project. Together with the expertise of the Management Unit of the North Sea
Mathematical Models (hereafter ‘MUMM’), the Katholieke Universiteit Leuven (hereafter ‘KUL’)
and Flanders Hydraulics Research (hereafter ‘FHR’), the project consortium can present a broad
expertise in hydrodynamic knowledge.

Every individual Work Package (hereafter ‘WP’) was led by a so called WP-leader, who was
the contractor and main responsible for a specific task. Every WP also had at least one WP-reviser.
The task of the WP-reviser was mainly to internally verify the methodology and results (Figure 1).

The numerical modelling with the state-of-the-art coupled WAM-COHERENS and SWAN-
COHERENS models (operated by K.U.Leuven and MUMM) formed the core of the assessment of
the potential ocean energy. The prefix ‘coupled’ indicates the fact that the wave models SWAN
and WAM interacted in both ways with the hydrodynamic model COHERENS. The numerical
approach was clearly the most appropriate, as it could provide a continuous and coherent
dataset, both in time and in space.

The wave model WAM used a grid of approximately 1 km by 1 km, which is quite coarse in
the near-shore area. It is clear that this near-shore area was quite interesting, since visual
nuisance of wave and tidal current energy converters is not an issue compared to windmill farms.
So, a complementary numerical model or method to quantify the wave climate in the near-shore
was used. These complementary methods or numerical models were executed by the project
partner FHR. In order to verify the near-shore wave climate (ranging from approximately 20km
offshore to the nearshore region), FHR operated the so-called Transformation Matrix.
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The hydrodynamic model COHERENS was not optimized for the Scheldt Estuary, as the grid is

too coarse, not curvilinear and the model physics did not take into account the salt gradient due

to the fresh water discharges. Once again, a complementary numerical model or method, which

was capable of describing the local effects in the Scheldt Estuary was used. In order to verify the

tidal current climate in the Scheldt-Estuary, FHR operates the hydrodynamic-morphological Long-
Term-Vision Mud (LTV Mud) model.

The model results were then processed by AWW (Ghent University) to calculate the

resources and to perform the economical models.

1.2.2 BOREAS reports

This final report is a summary of the following reports:

1.

BOREAS Intermediate report — Wave and tidal energy convertors and their suitability
fof the Belgian Part of the North Sea (Mathys et al. 2011a);

BOREAS Technical report — Wave modelling (Fernandez et al. 2010);

BOREAS Technical report — A comparison of numerical wave data at the Belgian Coast
(Delgado et al. 2010);

BOREAS Technical report — Tidal current modelling (Van den Eynde et al. 2010);
BOREAS Technical report — A comparison of numerical tidal models of the Belgian
Part of the North Sea (Dujardin et al. 2010b);

BOREAS Technical report - Summary of model set-up and validation (Mathys et al.
2011c);

BOREAS Technical report — Wave and tidal current resource assessment (Mathys et
al. 2011b);

Only this final report is publically available.
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WEC and TEC that show interesting features for deployment on the Belgian Part of the North Sea
(BPNS) are listed. Furthermore, the efficiencies of the devices are discussed in the form of the
power matrix (WEC) and power curve (TEC). These will be used in chapter 5 to assess the
extractable resource.

Chapter 3 provides an overview of a previous study on the wave power resource based on
buoy data. It gives the reader an introduction in the methodology and also provides wave powers
at buoy locations in the southern part of the North Sea.

Chapter 4 introduces the reader briefly to the main numerical models that were used for the
resource assesment, and the main results of the validation excercises.

Chapter 5 is summarizes the results of the available and extractable wave and tidal current
resource assessment. The methodology is described and the assumptions are discussed. In the
case of wave power, yearly and monthly trends are presented.

Chapter 6 makes a quantitative economical feasibility study of a hypothetical wave or tidal
current project. The methodology is the same as in the OPTIEP study for offshore wind (Mathys et
al. 2010), but adapted for wave and tidal current energy, based on the results from chapter 5.

Chapter 7 describes qualitatively possible synergies between wave and tidal current energy
with e.g. offshore wind.

Chapter 8 concludes this report (and the other BOREAS reports) and gives recommendations
to support the wave and tidal current energy sector in Belgium.

The last 3 chapters are giving supplementary information. Chapter 9 is an appendix with
yearly or monthly wave power maps that were not listed in the main report. Chapter 10 describes
the economical formulas used in chapter 6. Chapter 11 contains the references that were used for
this report.

SSD - Science for a Sustainable Development - North Sea 18



C C65 9 8 !'"#% % " G8 G
5 7 , , ) ) 3
# % $ 3 # 7, # /1 -% 2 % |/ % /| #/%! 1 " 2 <
| % / = % / # 2 % # 0 | % / % - # "
7 % 1 7 / $! 8 $ /0 / %! 1'% %
1 $ - % # 5 [#77 | % / $ - 12 7 % "
$ I % | /# 1 /0
! "# $ | % $&
% # 1% #7# % # | # 3% |/ # 2 # "0 # 2
[ % 7 ol % # " 7 -% 2 2 % # %! ol %1 #
# ! # %! "0
52%2% ) : ) 3 ) )
8 7 / #$ # 7 2 # " # K %w!' ] 7
7" % # " 3. % E$'%# /0 # 7 % #"#/ 3 /; # % % # | 3; # E
$ /# #E |/ 7 7 / / 7 < #11% P = # <:#"1 +=0
/ #3 7 E% $! K 7 7 #$ 2 <! "% [/ 3 /; -# % #
% [# " E=0 % %E#9 # 3 /; <\#& $ # % 3 3 31 ; = 1" %
% 3#"1 1 .1 1# & % /| $# 0 - 2 # / 2 # % 3#"1# ; E
# % |/ %! " #  #/ -%2 0 % -# (. | -%2 # "7
| # # % + %$$ E# % # % 3 1 /| 3; "l # " ;9 2 0 1! # 5
7 7 / % 1" % 2 | $# <: %! +((+=0 5 / / #3 2 %!
E% $! % @ #11% # -%2 2 < 0"0 H1% % # ; = % #
% 3 3 < 0"0 1%2 3 3= % 3 < 0"0 % ! 1 & - # - % 7
% I # | /21 3$ | # Iy 4(0 =0
K % # 2 # ' $ 7 | % - # % 3! 60 2% # ;. %
" # # % " % # 1'% 0 E% $! 7 | 2# % 3 71/ # 7%
$$ /#E <L '06 % / '0+=0
% 2 -%;
05 - $#
I
L
H#" 1 +@ #E | " 77 7 % #$ % / 3; E # 7 % 7! % # " 3. <:%!
9 # 7 % 1 %# %3! 21 $ 9 6



%

C C65 9 8 I"#% % " G8 G
%3! 6@ 2 # Lo g 7 1%2 " 2 | T# # # % /| $# 1 #
<% 3 1 +((*M H1%  +((4M +(6(=0

0
H
1% 9  # # % ! " 70 % # " [<2E# ; # %= # 39 3% # %
S # %#T 1S S I# 11% 71080 # " 11 % %3 3 -%2 "L#
7 0 | 2# 77 #2 1, # %2/ H#  # 3; 2# 1 7 # 2 %
% I %$ 1 "% -%2 2 % - % 1 7% 0 % %!l /# #
1/ 71 % 13 7 I 2# $% | (SH %! -%2 | | #
7 # # " 71 EO 1 E% 2 /#% 7% 7 - 0 1 #%!
7 % 1% # 1% # 0 % $ 7 % $ # %3 3 # # %3## ;
; # 170 / # I 2#
% | # % -%2 - # # 3% % !
# #'O-%2 < %! +((+= # 77 #
%11l % % 77 O
#11% # " 1% 2 1" 2 #11% # " 1% 1T <91 =% # %
<1 =9 # # % % 917% 6% #%!!; 13 / - 11 - ##
1 % % $#2 | % % 3 $/ 0 % 3 ! - - % 1 7%
% #11% % % # 2 I$ /19 # %#  %HE %S / %3 2 % 1
/1 2 7 - % $% # l-u# 0 1%2 %1 11 # % /
%2 0 7% % # " I#& % $# $  #"
/ $  # " Y# # #/ % 3 0 #
%# # % !/ 1" %  %# 1 3#
$ /1 $ - 0| $ S 1/ o# 7
$ 2%#IE " % % I % 3 1 |/
B #1 -%2 $ #/ # | % 0
9 # 7 % 1 %# %3! 2 1 $ 9 +(



C C65 9 8 !"#% % " G8 G
2 $$# " 2 #9 # # 7 %13 "/ 1 HT7T  O#H%# # %
I$ %  %E# #? -%2 2 $aB "0" /| 2# CSH %I % [ %
- % # e # % %" R KB % %3 /0 # 7
#O# " -%2 % % %/ 7 -%%?2 % 1 % 121 # %/
- ## ' % | 3% & % %13 2 I 2# # 11 # % $
2 # %! 1 -9 %/ 1 3# #O%IMHETT%  HW%! - # % 1 I 2#
3 7 2 # 0 2 $SHANM ! - # -%2 0
I 2# %; 1 ¥ %
- %2 "0
2 $$# "/ 2# % (SH %Il 1% "
11 /1 $% H1# 7
2 # - # / %2 % # # 1
%"  %$% # ;0
8% |/ 2 # Lo # [ 2 ol % # "7
- %2 2 % # %! % 1# # ! # %! 0 $ I#
I A %& 77 < = 2 %! $ # % $ #3!1 0 :#"1 5 -
7 2 # 7 "0
# 2% # ; 7 T % |/ # /1 # 7 %" 7
2 # %# 0 %" 7 ! #o# o # % ; 3 < I
*96 + I = % | # P < # 1 1% = %" <
+(96(( I = # G S# %Il o# " % | # I 2# C% 7 31#1/ 1% 7
<0"0 1% # = % 1# %/ < 0"0 1%2 %" = 3; 1 #" % # %! 11
1# " # %! %$% # 0
9 # 7 % 1 %# %3! 21 3% 9

1
#

7
#

#

7% !!

% /

% !;
-% 2
%

<!



C C65 9 8 !"#%

%

(. )
3 4 7
(+ (
B C \
||+#
8 )
2C 79
) (1 N) 9 (
0 ) # (+ 8
"L #
( ) ) )1
o) -3 18 ) # (+ g
n #
1) ) o
(1 00 ) # ) (
T 5@ 2 % # <Wp= #
13 "/ $ 1 [#77 B%1 | <+(()=
</= 2 $$# " | 7 1%2 % " < =
%' < 9 +(('3=0
52% 25 ") - * 0O0#
/ 2 # $ 7
/ # | 3; 0 E# 1 7
| # / 3 1 % $ # 0
9 # 7 % 1 %# %31 2 1%

#11%
7
1%

% #
%

G8 G

#" 1% 11

% ! il % 1 #
# I#2#/1%! $

33

7

6
7

<3=

H#H %2

2#H% #

@

%

#"#

%

H1%

@



Project SD/NS/13 - Belgian Ocean Energy Assessment "BOREAS"

This is again an illustration of the variety of the different concepts that developers can use.
The main possible components of the PTO are:

- The driveshaft
- Gearbox
- Freewheel
- Permanent magnet (linear or cage) generators;
- Turbines:
o Air turbines (OWC), a Wells turbine (which rotates in the same direction
independent of the air flow);
o Hydraulic turbine (hydraulic motor);
o Low head water turbines (Kaplan or propeller type);
- Storage systems:
o Flywheel (rotating systems)
o Reservoir (water or hydraulic) to keep the head or the pressure respectively
stable
o Capacitors
- Electronic components
o Transformator
o Capacitor
- Connection plug for grid connection.

2.1.3 Mooring or anchoring

The mooring is the connection between a reference point and the PTO of the WEC. Fixing a
WEC to a certain reference point is a design issue that has a strong mutual influence on the power
absorption.

Let’s consider a point absorber, that always moves up and down. In this case, there is no
resulting force and hence, no power production. However, in the case where the wave created by
the buoy cancels out the incident wave, the power absorption (and hence power production) is
maximal. The moorings and the PTO play an important role to achieve this so-called resonance
state.

WECs can be:

- Moored to the seabed, different mooring options exist (Figure 4):

o Catenary or slack moored: the mooring cables have a slack, the weight of the
cable provide freedom of movement for the WEC until the cable becomes under
tension;

o Taut-moored: the mooring cables have a pretension, the elasticity of the cable
provides freedom of movement for the WEC;

- The mooring cable fixed at the seabed can be attached to:

o Directly to the floating WEC;

o A submerged inertia plate, this inertia plate is then connected to the floating
WEG;

o A submerged buoy, which is then connected to the floating WEC.
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The waves travel in deep water almost without energy loss across the ocean, which is why
floating technologies moored in deep water are expected to have the largest potential for large-
scale implementation. Typical water depths for offshore technologies are in the range of 50m.
These water depths cannot be found on the BPNS. In shallower water, the waves suffer
increasingly from bottom friction, making such sites less interesting from an energetic viewpoint.
However as these are closer to shore ('near-shore'), mooring and grid connection costs decrease,
and become more viable. Finally shoreline devices, which are typically integrated in the shoreline
or into an artificial coastal defense structure, have lower incident power levels available but
facilitated access and different structural solutions. They can be integrated in new breakwaters,
like the OWC in Mutriku in Spain.

2.2 Introduction Tidal current Energy Convertors (TEC)

Like WEGs, it is difficult to classify TECs based on one single criterion. The main criterion is
again the conversion technology.

2.2.1 Conversion technology

TECs show a wide range of conversion technologies. The main technologies are based on
turbine design, but other, non-turbines designs exist. A classification based on a review of the
conversion technologies identified 10 conversion technologies (Khan et al. 2009), see Table 2 for
examples:

- Turbine Systems:

1) Axial (Horizontal): Rotational axis of rotor is parallel to the incoming water
stream (employing lift or drag type blades), better known as Horizontal Axis Tidal
Turbine (HATT);

2) Vertical: Rotational axis of rotor is vertical to the water surface and also
orthogonal to the incoming water stream (employing lift or drag type blades),
better known as Vertical Axis Tidal Turbine (VATT), see also Figure 5 for
subclasses of the VATT;

3) Cross-flow: Rotational axis of rotor is parallel to the water surface but orthogonal
to the incoming water stream (employing lift or drag type blades);

4) Venturi or ducted systems: Accelerated water resulting from a choke system
(that creates pressure gradient) is used to run an in-built or on-shore turbine;

5) Gravitational vortex: Artificially induced vortex effect is used in driving a vertical
turbine;

- Non-turbine Systems:

6) Flutter Vane: Systems that are based on the principle of power generation from
hydroelastic resonance (flutter) in free-flowing water, flutter is basically a
resonance phenomenon with 2 degrees of freedom;

7) Piezoelectric: Piezo-property of polymers is utilized for electricity generation
when a sheet of such material is placed in the water stream;

8) Vortex induced vibration: Employs vibrations resulting from vortices forming and
shedding on the downstream side of a bluff body in a current;

9) Oscillating hydrofoil: Vertical oscillation of hydrofoils can be utilized in generating
pressurized fluids and subsequent turbine operation. A variant of this class
includes biomimetic devices for energy harvesting;
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o Rigid mooring: The device is secured into position using a fixed mooring system,
allowing minimal leeway due to the absence of cable slack.

o Floating structure: This allows several turbines to be mounted to a single platform,
which can move in relation to changes in sea level.

Hydrofoil Inducing Downforce: This device uses a number of hydrofoils mounted on a

frame to induce a downforce from the tidal current flow. Provided that the ratio of

surface areas is such that the downforce generated exceeds the overturning moment, the

device will remain in position.

2.3 Design requirements

2.3.1 Generic requirements for WECs and TECs

The design criteria for marine energy convertors (WECs or TECs) are quite extensive. The

reason for this is the character of the resource, which is variable, and the harsh environment for

operation (corrosive seawater, wave impact during storms). This is a big difference with

conventional power plants, where the process control is not always easy, but at least more

predictable and controllable.

Of course, every design criterion comes with a cost. Although it is difficult to give generic

requirements, the following basic design criteria are valid for all marine energy convertors:

Cost of electricity (CoE) needs to be low, the CoE is of course the prime driver;
Survivability and structural design has to take into account the extreme wave forces: due
to the high impact of waves (and to a lesser extent, currents), the structural integrity is of
extreme importance. Special attention should be given to the effects of corrosion,
biofouling and tear & wear to maintain the structural integrity and hull worthiness at sea.
Quality, smoothing and storage of electricity output: due to the temporal variability of
these energy resources (wave periods in the order of 6-10 seconds but also seasonal
variability, tidal currents in the order of 6 hours) energy storage and smoothing is critical
for injection into the grid;

Easy installation and maintenance; preferably with existing infrastructure (existing tug
boats and barges, in order to keep mobilisation/demobilisation costs low). If possible,
keep critical components easily accessible or removable (“cartridge” system) to do as
much as possible onshore.

Tuneable to a wide range of power conditions: being able to exploit a wide range of wave
heights or tidal currents optimally;

In order to assure an efficient manufacturing and good operation and maintenance, the
supply chain of components needs to be secured. Limiting the use of newly developed
components will benefit operation and maintenance. Using components from maritime,
offshore oil and gas industry is an advantage.

Compatible with exisiting grid infrastructure, but ready for new grid developments, such
as offshore interconnectors, coupling with energy storage, new trends in ‘intelligent’
grid,...

Synergies with other energy technologies, such as offshore wind, but also parallel
production of e.g. potable water, or aquaculture.

Visible (marker buoys) for navigation purposes and to avoid damage due to ship
collisions;
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Low environmental impact, which has quite a broad meaning:
o Use of environmentally friendly materials like biodegradable oils, or anti fouling
devices that do not have toxicological effects;
o Small footprint or space occupation, both at the surface or at the seabed bottom
in case of pile or anchors;
o Avoidance of underwater noise during installation, operation and maintenance
(marine mammals).

2.3.2 Requirements specific for WEC

Most WECs are placed at the sea surface, in order to capture the wave forces as much as

possible. However, in storms, the wave forces are extremely high and the WEC has to withstand

these forces. This consideration brings us to the first design requirement:

Survivability at the sea surface during storms . This can be achieved in several ways .
Some devices have inherent different characteristics (like Pelamis, which ‘dives’ under
the big waves due to hydrostatic clipping (Cruz 2008)), others are controlled by their PTO,
either passive or active, others are (partially) submerged in order to avoid the spil and
impact forces of breaking waves.

Flexibility to the tidal range: in regions with a high tidal range, the mooring has to flexible
to account for the tidal variation.

2.3.3 Requirements specific for TEC

In the framework of this project, only tidal energy current convertors based on kinetic energy

(so current energy) are considered, and not the ones based on potential energy (head difference
due to low and high water). Further in this report, TECs are defined as tidal energy current
convertors, unless stated otherwise. TECs differ fundamentally from WECs in the fact that the

blades need to submerged to extract the energy. TECs have the most of their components

underwater. This is a disadvantage for maintenance: maintenance has to be done by (expensive)
divers or Remotely Operated Vehicles (ROVs) or the components have to be lifted above the
water. However, the advantage is that TECs will experience lower wave impacts, since the wave

forces decrease with depth. The following requirements are specific to TECs:

Easily accessible for maintenance, by lifting the whole TEC above the water line (like
Marine Current Turbines); by lifting the critical components of the TEC above the water
line with a barge or maintenance ship and do maintenance onshore; by ROVs (highly
depending on tidal windows, since these ROVs have to operate in strong currents), or
otherwise.

Avoidance of cavitation: typically, WECs have rotating blades. The speed at the tips of
these wings can be high enough to induce cavitation. This induces vibrations and material
fatigue and hence decreases the lifespan of the blades.

Avoidance of biofouling: Many devices installed in the sea become artificial reefs,
attracting a wide variety of marine organisms. These cover the structures and can cause
significant fouling. Fouling of moving parts could affect the performance of devices. This
can be especially an issue in the shallow waters of the BPNS. Beside the obviuous
disadvantage that shallow waters provide less place for a tidal turbine, it is also more
exposed to sunlight, which promotes biological growth.
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2.4 The long list factsheet

In the Boreas intermediate report ‘Wave and tidal energy energy convertors and their
suitability for the Belgian Part of the North Sea’ (Mathys et al. 2011a) an overview of the most
common WECs and TECs is presented, based on information template that was adapted and
extended from the Waveplam project (Waveplam 2009). This template enables a standardized
and synoptic way of describing the devices (see Table 3 for the template and Appendices 9.1 and
9.2), instead of describing it in full text. Notice that not all fields are as detailed across the
different devices for two reasons:

- Some developers give more detailed information than others;
- Some devices are still in a conceptual phase, whereas others are further developed, up to
level of demonstration or pre-commercial phase.

The authors chose to describe some WECs or TECs that are industry leaders or WECs or TECs
which show interesting features for deployment on the BPNS. In the latter case, these devices will
form the basis of the further short list. Contrarily, some developers give so little information
about their device or concept, that it is hard to make any assessment. These devices were
identified, but not necessarily described in the long list.

Environmental effects were not defined as a criterion, for several reasons. All the device
developers make claims about environmental friendliness, such as the use of biodegradable oils,
but these claims are difficult to assess in such an early development status. The most obvious
(local) environmental impact is the additional presence of hard substrate such as steel and
concrete (Langhamer 2009). These effects are likely to be similar to the effect of the introduction
of offshore windmill farms that were observed for the C-Power offshore windmill farm (Degraer S.
et al. 2009). An important aspect is however the spatial occupation or footprint, this is given in
the dimension field. Some device developers have published environmental reports {enquiry
taken at the end of 2008, (USDOE 2008}, these are:

- TECs: Marine Current Turbines, Ocean Renewable Power Company, Tocardo BV Tidal
Energy, IHC Engineering business, Verdant Power;
- WECs: AW Energy, Ocean Power Technologies, Seabased, Wavedragon.

The long list factsheet does not pretend to be exhaustive, and doesn’t want to criticize nor
judge any of the devices that are currently under development and are solely based on
information that is available in the public domain.
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Table 3: Template for the description of the WEC/TEC longlist.

Current corporate profile

Name of the company Name of the WEC or TEC

Official website of the company Foundation year and nation
Company profile: describing the company (e.g. small Projected Cost of Electricty, as
independent research groups, contains sometimes historical given by the developper (No
facts, etc.) third party verification)

Origin, and if possible names, of investors

Pictures
Pictures of the device, concept or installation Additional picture
(in most cases official pictures from websites)

Caption of the picture Caption of the picture

Device specifications

Conversion technology Power Take off (PTO) Mooring or anchoring
information characteristics

eUnique features according to the developpers (no third party Required water depth

verification) Dimensions of Full prototype

(size and weight)

Information about the Power
Matrix (no  third party
verification)

Device Development history and future strategy

Field describing the history and prospects of the convertor, by means of their phases as defined by
the Technology Readiness Levels (TRLs), see explanation below

Device evaluation

Device evaluation by the authors of this report

Suitability for the BPNS

Suitability for the BPNS, according to the authors of this report (partially based on the requirements
that the device developers provide on their website, partially based on own judgement)

The wave and tidal current energy market experienced a high pressure to produce electricity.
Due to this high pressure and the lack of standards, developers sometimes went too fast to the
open sea, with sometimes disastrous consequences. Examples are the sinking of the 2MW
Archimedes Wave Swing in 2004, the Finavera Aquabuoy 2.0 in 2007 and more recently the
sinking of the Oceanlinx precommercial prototype in 2010.

Although marine energy can only become a reality following full scale testing of WECs or TECs
at sea it is important that the correct engineering procedures are followed leading up to the first
sea trials. Although difficult, political and business concerns must resist applying pressure to
deploy new devices prematurely. Therefore, the Hydraulics and Maritime Research (HMRC)
applied the TRL (Technology Readiness Level) schedule to Wave energy (Holmes 2009).
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This approach is becoming more popular as it provides the current “best practices” in marine
energy development. TRL development programmes are standard approaches for product
advancement in established industries such as NASA and American military equipment industry. It
must be stated that HMRC is not the only institution that is involved in the development of the
TRLs. Furthermore, the TRLs can provide a blueprint for the international standards. However, it is
unsure if these TRLs as such will be integrated in the international standards (Nadeau 2010). The 5
main TRL phases are (Holmes 2009):

1. TRL 1: Proof of concept: provide the basic concept of the proposed WEC in regular
waves and obtain an estimate of its power performance in irregular, real sea waves.

2. TRL 2: Part-scale (Tank): Testing of 1:10 (approximately) scale model in a wave flume
that allows component testing in more seaways, including those expected to be used
at the sea trial test. There are less design options to investigate than in TRL1.

3. TRL 3: Part-scale (Sea): Testing of 1:4 scale model in a benign offshore location. This
device should be a fully operational unit, but the required budget should be an order
of magnitude less.

4. TRL 4: Full-scale — Prototype model: Prototype testing, which enables a full
assessment of the so called ‘wave-to-wire’ performance. At this stage, the required
investment rapidly increase. It is however not expected here that for this single (or
perhaps 2-3) unit(s), the project can make profit at this stage. Test centers and
external funding are almost essential to pass this TRL.

5. TRL 5 : Full-scale — Precommercial model: when a device successfully completes the
rigorous technical sea trials, the solo pre-production converter of TRL 4 should have
evolved into a pre-commercial machine ready for economic demonstration in TRL 5.

2.5 Conversion efficiencies: power matrix (WEC) and power
curve (TEC)

2.5.1 Power Matrix for WEC

The translation from wave climate (wave height and period), and hence available wave
power, to produced extractable power is done by the so-called power matrix (see also § 5.2.1).
The power matrix gives the relation between the wave height and period with the produced
power. If the produced power is at its maximum, the so-called ‘rated power’ is achieved.

This power matrix can thus be used to translate the resource into produced power. An
example is given in Table 4 (Pelamis WEC). The rated power is achieved at 750 kW. Below 0.5 m
wave height, no power is produced. Below 1 m wave height a small amount of power is produced
between a wave period of 5.5 and 11.5 seconds. The wave height is clearly the dominant factor,
the period is of secondary importance (this is also reflected in the available wave power
calculation, see § 5.1). Table 5 and Table 6 give the power matrices for the Prote ch Straumekraft
25 kW point absorber and a single floater of a Wave Star WEC.
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Table 4 : Power matrix used for Pelamis,rated 750 kW. (Dalton et al. 2009; Pelamis Wave Power 2010)

Tim-10

Hio 3 4 5 6 7 8 9 10 11 12 13
0.5 0 0 0 0 0 0 0 0 0 0 0
1.0 0 0 0 29 37 38 35 29 23 0 0
15 0 0 32 65 83 86 78 65 53 42 33
2.0 0 0 57 115 148 152 138 116 93 74 59
2.5 0 0 89 180 231 238 216 181 146 116 92
3.0 0 0 129 260 332 332 292 240 210 167 132
3.5 0 0 0 354 438 424 377 326 260 215 180
4.0 0 0 0 462 540 530 475 384 339 267 213
45 0 0 0 544 642 628 562 473 382 338 266
5.0 0 0 0 0 726 707 670 557 472 369 328
55 0 0 0 0 750 750 737 658 530 446 355
6.0 0 0 0 0 750 750 750 711 619 512 415
6.5 0 0 0 0 750 750 750 750 658 579 481
7.0 0 0 0 0 0 750 750 750 750 613 525
7.5 0 0 0 0 0 750 750 750 750 686 593
8.0 0 0 0 0 0 0 750 750 750 750 625
8.5 0 0 0 0 0 0 0 750 750 750 750
9.0 0 0 0 0 0 0 0 0 750 750 750
9.5 0 0 0 0 0 0 0 0 0 750 750
10.0 0 0 0 0 0 0 0 0 0 0 750
10.5 0 0 0 0 0 0 0 0 0 0 0

It is important to stress that this extractable resource is valid for a single WEC at a specific

site, since the current methodology doesn’t allow to take into account the interaction between a

WEC and waves, or between one WEC with another WEC (like in a WEC farm).

The Prototech Straumekraft WEC is based on a computer model, and thus doesn’t represent

experimentally proved power production. In the original reference for Wave Star (Marquis et al.

2010a; Marquis et al. 2010b), not the power matrix but a power curve (produced electricity in

function of the wave height for an average wave period of 4.5 seconds) is given.

There are already some remarkable differences when comparing power productions based

on typical wave conditions for an average day on the BPNS (assume a H,of 1.25 m and a T, of 5

seconds, which corresponds with a common sea state at Westhinder (Beels 2009)). Pelamis would

be producing 16kW (interpolated value), whereas the Straumekraft would produce 3.1 kW and

the Wave Star 7.75 kW. The Pelamis is clearly developed for higher wave climates than the BPNS.
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Table 5 : Power Matrix for Protech Straumekraft. (rated 25 kW, based on computer simulations by the

developer and Prototech (Straume 2010).

Tim-10

Huo 0 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5
0 0 0 0 0 0 0 0 0 0
0.25 0 0 0 0 0 0 0 0 0
0.75 0 0.1 0.3 0.4 0.4 0.3 0.3 0.3 0.3
1.25 0 0.5 2.1 3.2 3 2.7 2.3 2.1 2
1.75 0 1.6 6.8 10 9.7 8.6 7.4 6.9 6.6
2.25 0 0 8.7 15 15 14 13 12 10
2.75 0 0 9.9 19 20 20 18 16 14
3.25 0 0 0 22 24 25 23 20 18
3.75 0 0 0 22 25 25 25 23 21
4.25 0 0 0 24 25 25 25 25 24
4.75 0 0 0 0 25 25 25 25 24
5.25 0 0 0 0 25 25 25 25 25
5.75 0 0 0 0 25 25 25 25 25
6.25 0 0 0 0 25 25 25 25 25
6.75 0 0 0 0 0 25 25 25 25
7.25 0 0 0 0 0 25 25 25 25
7.75 0 0 0 0 0 25 25 25 25
8.25 0 0 0 0 0 25 25 25 25
8.75 0 0 0 0 0 0 25 25 25
9.25 0 0 0 0 0 0 0 0 0

Table 6 : Power Matrix for a Wave Star (37 kW rated for a single buoy the only data given by Wave Star are
the produced power for a period with 4.5 seconds (indicated in bold, (Marquis et al. 2010a)). The other
values of the power matrix are filled in by the authors based on the comparison with the Protech

Straumekraft and Pelamis Power Matrix trends).

Tm-10
Hio 0 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5
0 0 0 0 0 0 0 0 0
0.5 0 0 0 1 1 1 1 1 1
1.0 0 1 2 4.5 6 8 6.5 4.5 4.5
1.5 0 2 6 9.5 11 12 11 9.5 9.5
2.0 0 5 13 17 17 17 14 11 9
2.5 0 0 20 27 27 27 25 20 15
3.0 0 0 0 37 37 37 37 37 37
3.5 0 0 0 4] 37 37 37 37 37
4.0 0 0 0 0 0 37 37 37 37
4.5 0 0 0 0 0 0 37 37 37
5 0 0 0 0 0 0 0 0 0
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The power matrix is thus a crucial aspect to assess the power production. However, only a
few device developers have published their power matrices. Furthermore, since no standards
exist to make this power matrix, it is extremely difficult to compare these power matrices over
different devices and evaluate them. Applying these power matrices to the wave conditions on
the BPNS is necessary to obtain an extractable wave power, but Pelamis was never developed to
be installed in wave conditions that are similar to the ones at the BPNS.

2.5.2 Efficiency & power curve for TECs

The power curve® for a TEC gives the relation between the current velocity and the electrical
output power (see also § 5.3.2). It is the multiplication of the kinetic power associated with the
undisturbed flow at the centre of the device with the efficiency curve. The mathematical
formulation of the available tidal current energy is discussed further in the paragraph of the
calculation of the available tidal power (§ 5.3).

Figure 7 shows an idealized efficiency curve for a generic tidal kinetic energy converter
(neglecting the influence of the current direction and thus assuming a 0° angle of attack). The
term efficiency curve is used here to refer to the relationship between the power generated by
the device and the kinetic power associated with the undisturbed flow at the centre of the device.
For this hypothetical device, the efficiency is zero for flow speeds below 0.5 m/s and above 3.6
m/s, and varies between 30% and 43% over the range in velocity from 1.5 to 3.5 m/s. The peak
efficiency of 43% coincides with a flow speed of 2.75 m/s. This idealized efficiency curve was
developed for high velocities to demonstrate the prediction of generated power from the time
series of current speed (Cornett et al. 2010). It might not be the idealized efficiency curve for the
conditions on the BPNS, because the maximum currents determined by previous studies indicate
relatively low flow currents at spring tide, in the order of 1.7 m/s {(Van Lancker et al. 2007)

The term ‘cut-in’ speed can be easily derived from Figure 7. It is the threshold speed to start
the turbine and generator (or more general the PTO). Similarly, the ‘cut-off speed’ is the upper
limit to produce electricity. Above this upper limit, the TEC tries to avoid possible damage due to
high forces and torques and does not produce electricity. Similar efficiency curves exist for wind
energy turbines.

* Note the term ‘curve’ here instead of ‘matrix’: for tidal energy the power curve is a fuction of only
one variable (the current velocity), whereas the power for wave energy is a function of both wave height
and wave period.
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Furthermore, the Lysekill project executed environmental studies from the beginning of the
project, and all the results of the environmental monitoring are documented (Langhamer 2009).

2.6.1.3 Considerations for deployment on the BPNS

The Lysekill testsite has similar wave conditions of those on the BPNS. The Lysekill testsite has
an average wave power of 2.6 kW/m, a depth of 25 m, a significant wave height with 100 year
return period of 4m, and a maximum wave height with a return period of 100 years of 6.2 m
(Waters et al. 2009). These characteristics, especially the wave power, are representative for the
conditions on the BPNS. The developers chose this site because of the existing research
infrastructure nearby Lysekill: “Due to its relatively low energy flux, the wave climate at the Lysekil
test site would not be ideal for commercial wave power production. That was, however, not the
motive for choosing the site; it was chosen due to its proximity to the marine research.” (Leijon et
al. 2008).

However the tidal range is less than 25 cm, which is in sharp contrast with the BPNS where
the tidal range is up to 4.5m. The latter is a disadvantage for deployment on the BPNS, as the tidal
range uses the full stroke length of the generator. An alternative could be to install a drum in the
buoy to account for the stroke length differences caused by the tidal range.

Other problems that can expected based on their design are:

- the friction and heating of the cable, and consequently, tear and wear of this cable;
- the sealing of the chamber has to be extremely good, since maintenance is only possible
with divers, ROVs, or lifting the whole PTO with its foundation outside the water.

2.6.2 Wave Treader WEC (Green Ocean Energy 2010)

2.6.2.1 Introduction

Wave Treader is a unique wave energy device which is attached to the supporting pile of an
offshore wind turbine. Combining Wave Treader to an offshore wind farm shares the offshore
infrastructure and also increases the yield from the sea area. According to Green Ocean Energy,
Wave Treader also assists in power smoothing in the offshore wind farm and offers improved
personnel access to the turbine (claim by developer), both of which are major benefits to site
developers.

2.6.2.2 Concept and design

Wave Treader concept utilizes a fore and after arm and sponson which react through an
interface structure onto the foundation of an offshore wind turbine (Figure 9). Between the arms
and the interface structure hydraulic cylinders are mounted and as the wave passes the machine
first the forward sponson will lift and fall and then the after sponson will lift and fall each stroking
their hydraulic cylinder in turn. This pressurizes hydraulic fluid which is then smoothed by
hydraulic accumulators before driving a hydraulic motor which in turn drives an electricity
generator. The electricity is then exported through the cable shared with the wind turbine.
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2.6.3.2 Concept

The Mutriku breakwater is a nice example of a combined use of a breakwater: on the one
hand it protects the harbour against waves, on the other hand it is a 300 kW OWC wave energy
converter. Originally the plan for the breakwater was a ‘normal’ breakwater, without the OWC,
but soon after the first concept, the idea of an OWC was integrated.

The waves at a location in front of Mutriku in deep water contains approximately 26 kw/m of
wave energy, with a seasonal variation of 44 kW/m in winter, 19 kW/m in spring or autumn and 9
kW/m in summer. Just in front of the breakwater (30 m deep) the wave climate is 18 kW/m in
winter, 8.8 in spring or autumn and 4.4 in summer. It is expected that this installation can produce
600 MWh/year, corresponding to the energy requirements of 250 households in the Mutriku
town. According to the investor, the civil costs are estimated at 4.4 mio €, the electromechanical
costs at 1.5 mio €, and the other costs (licensing, etc.) are estimated at 0.5 million € (Yago 2009).

2.6.3.3 Considerations for deployment on the BPNS

The double function of a combined breakwater and energy production is in principle an
interesting feature for deployment on the BPNS. However, the capital cost of these projects are
high. It is therefore unlikely that these projects can be retrofitted to the existing coastal defence
structures nearshore. An interesting and somehow visionary project is the project ‘Vlaamse
Baaien’. It is an integrated future vision on the development of the BPNS in terms of (navigational
and coastal) safety, sustainability, attractiveness, environmental and general development
(VIlaamse Baaien 2010). Ten projects were presented as ideas to support this future vision. One of
them, the idea of a multifunctional island at the Gootebank, could be combined with this
technology. It is conceived as a test site for sustainable marine energy, a shelter harbor, offshore
services or transfer of bulk materials. The integration of different functions is interesting and can
only be achieved if the initial design does take into account this function. Furthermore, the
Gootebank is situated in a zone outside the Flemish banks, and experiences higher wave energy
than nearshore. The project team behind the Vlaamse Baaien gives an indicative framework of
2020-2050 for this island.

2.6.4 Wave Star WEC

2.6.4.1 Introduction

Wave Star is currently one of the very few devices that actually provides electricty to the grid
with a 2 float (each 5m diameter) 110 kW test unit. The price of the electricity produced is not yet
competitive to the market according to Wave Star, but the next steps, two full scale units
(Marquis et al. 2010b), one 600 kW with 20 floats of 5m diameter (for water depths from 10-15m
and a H, of 2.5m) and the second a 6 MW unit with 20 floats of 10 m diameter (for water depths
from 20-30m and a H, of 5m) each should significantly drop the electricity price (Figure 11). This
price projection is based on 3 parameters: increasing energy production, decreasing investment
cost and decreasing maintenance. Interesting to see in the roadmap is that in 2010 Wave Star is
producing electricity at around 1000 €/MWh, whereas in 2019 it drops below 100 €/MWh
(although the latter comes of course with higher uncertainties).
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Remark that Wave Treader { § 2.6.2) and Wave Star share similar concepts. However, Wave
Star uses an array of buoys instead of a sponson. Another company, the Israeli company SDE, uses
a similar technology but attaches its sponsons to breakwaters instead of windmill monopiles.
They tested a 40 kW prototype in Jaffa, Israel for 1 year. However, since 2007, the company has
not released any news so it is unclear if the development stopped or not.

2.6.5 FlanSea

2.6.5.1 Introduction

Although the development of the FlanSea point absorber buoy just started in 2010, it is
worthwhile to mention this technology because it will be specifically developed for low to
moderate wave climates, like the conditions that can be found on the Southern North Sea (and
thus the BPNS). The FlanSea project is an indirect continuation of the SEEWEC project (which was
coordinated by AWW - Ghent University). The project team consists of both industrial partners, as
well as 4 research groups of Ghent University. The industrial partners are DEME Bleu Energy,
Cloostermans, Electrawinds, Spiromatic, the Harbor of Ostend and Contec. The project has
received funding from the Flemish Agency for Innovation and Technology.

2.6.5.2 Concept and design

The FlanSea wave energy converter is based on the so-called “point absorber” technology.
These point absorbers keep track of and react in synchronization with wave motions, whereby
their movements relative to the seafloor as a fixed point of reference can be converted to
electrical power. The generator will be mounted on/inside the buoy itself. Moreover, inside the
buoy there is a winch with a cable wind around it. The other, far end, of the cable is fixed into the
seafloor. The buoy will use the rising and falling motions of the waves to wind or unwind the cable
on the winch, thus producing electrical power (Figure 12).

During the first two years of the project, the expertise within the team will be directed
towards conducting a thorough study (hydraulic, mechanical, electrical) of developing and
building a wave energy converter, and conducting tests in laboratory conditions. During the 3rd
and final year of the project, a wave energy converter will be positioned at approximately 1 km
outside the port of Ostend. This wave energy converter will feature different measurement and
registration devices meant to provide scientists with insights into production capabilities
(efficiency) and the loads and the strength and resistance (survivability) of the system. During this
phase, the converter will not be connected to the electrical distribution grid.
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A small converter with 180 5-meter cylinders operating in 5 meters of water could generate
100 kW at 1.5 m/s. Such a converter would have a footprint of about 300 m2 The design
parameters that Vortex Hydro is now focusing on, are the diameter/length ratio, and the optimal
configuration of multiple cylinders in order to maximize the energy production.

2.7.1.3 Market and future development

VIVACE already deployed a single test unit in a river to test in real conditions (Port Huron,
Michigan in 2010). They are aiming both at the river currents and tidal current market. Although
their website does not mention projected prices of the COE, the Chief Technology Officer (CTO)
of the company said in an interview that the estimated price would vary around $ 55/MWh
(Schwartz 2008).

2.7.1.4 Considerations for deployment on the BPNS
VIVACE is interesting for deployment on the BPNS for several reasons:

- VIVACE has a very low cut-in speed: from 0.5m/s on, the cylinders start moving and the
electricity production starts, most turbine based TECs (HATTs of VATTs) have cut-in
speeds of 0.7 — 1.0 m/s;

- Despite the fact that is has no gearbox or pitching blades (like HATTs of VATTS typically
have), they can still produce energy in a wide range of operational conditions. This is due
to the vortex-shedding synchronization (the physical phenomenon that drives the
cylinder up and down) occurs over a broad and continuous range of frequencies, not just
at natural frequency, as in linear resonance (Raghaven et al. 2007). This in sharp contrast
with e.g. point absorber WEC, where resonance and hence the control algorithm is an
absolute condition to optimally extract power.

- Although it is not the primary research focus at this moment, Vortex Hydro is one of the
many developers who are looking synergies with offshore wind; their concept is shown in
Figure 14.
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