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EXECUTIVE SUMMARY

The focus of Task 8.3 has been the refinement of the Lift WEC Levelised Cost of Energy (LCOE)
Calculation Tool, incorporating a range of improvements including an updated database of
costs developed under Task 8.1 and the parametric cost model developed under Task 8.2.

The LiftWEC LCOE Calculation Tool has been updated and refined including new features and
improvements according to the project scope. These have been developed based on internal
discussions within the LiftWEC Consortium. The refinements and their rationale will be
detailed and described throughout this document.

The deliverable 8.3 encompasses two integrated elements:
- The User Guide of how to use LiftWEC Calculation Tool.
- The LiftWEC LCOE Calculation Tool, which is an open-access excel-spreadsheet,
(available at https://liftwec.com/deliverables/).

Within the LiftWEC project and specifically in WP8, discussions have been held regularly to
address the needs of the Tool to accurately and realistically evaluate the economic feasibility
of the different LiftWEC configurations being proposed. An internal workshop was held to
present the LCOE Tool to all LiftWEC project participants and collect feedback from the
different WPs.

Overall, the scope of the LiftWEC LCOE Calculation Tool is to estimate the Cost of Energy of a
specific LiftWEC concept based on its performance in a specified wave location and based on
its costs.

The unique feature of the Lift WEC LCOE Tool is that it provides default values for different
types of material or PTO costs, which allows comparable economic estimates to be drawn even
at an early development stage (the LiftWEC project is advancing from TRL1 to TRL3/4).

One sheet of the Excel Tool considers a Single WEC. This is a first prototype to be i.e. installed
at a test site (no electrical infrastructure is considered for example). Another sheet considers
the Wave Energy Farm as a pre-commercial farm with an installed capacity in the range of 10
MW, i.e. composed by 5 to 20 WECs (as a very general estimate). Calculations of larger wave
farms can then be estimated using Learning Curves.

The authors acknowledge that there is a large uncertainty in absolute terms and it is very
challenging to provide a single unit cost as default value representative to all LiftWEC
concepts. For example, a single value of 240.000 EUR for the installation of a floating
configuration including mooring, umbilical cable and WEC deployment might be 50%
inaccurate in some deployments. As a result, the Tool provides an error estimate, which again,
shall also be considered as an estimate.

Project costs depend on several parameters intrinsic to the concept and its design
characteristics. For example, the type of station keeping, the distance to shore, the water
depth, the deployment location, the installation method, weather windows, the type of
mooring, are all parameters which will highly influence project costs. By providing default
values the authors have aimed at providing reasonable orders of magnitude which can help to
draw first economic calculations. It is however expected that these default values are mainly
used at low TRLs or first economic assessments, and that at higher TRLs, own expertise and
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knowledge will be used to overwrite the default values inserted in the Tool, which may be
overwritten using input from other work packages when this information becomes available.

Abbreviations
AEP Annual Energy Production
BIMEP Biscay Marine Energy Platform
CAPEX Capital Expenditures
COE Cost of Energy
DKK Danish krone
EC European Commission
EMEC European Marine Energy Centre
EUR Euro
GPB British Sterling
IEC International Electrotechnical Commission
LCOE Levelised Cost of Energy
Oo&M Operation and Maintenance
OES Ocean Energy Systems
OPEX Operational Expenditures
PTO Power Take-Off
R&D Research and Development
TRL Technology Readiness Level
usbD US Dollar
WEC Wave Energy Converter
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1 INTRODUCTION

1.1 Score AND RATIONALE OF THE LIFTWEC LCOE CALcULATION TOoOL

The LiftWEC LCOE Calculation Tool has been developed as a transparent and simple model that
can evaluate LiftWECs concepts economic feasibility in a range of locations. It has been
developed to ensure consistent and transparent calculation methods; and to provide a
reference framework for performing LCOE analyses.

Deliverable 8.3 encompasses two elements:
- A User Guide describing how to use LiftWEC Calculation Tool.
- The LiftWEC LCOE Calculation Tool, implemented as an open-access Excel spreadsheet,
available at https://liftwec.com/deliverables/.

The LiftWEC LCOE Calculation Tool has the following characteristics:
- Itis an open-access economic calculation tool.
- It uses broadly known software: Excel.
- ltincludes default values for absorption and conversion efficiencies, and unit costs.
- ltis transparent: the understanding of calculation steps and results are explained.
- It focuses on energy production values instead of on installed power capacity.
- It can evaluate LiftWEC’s LCOE in several different ocean locations.

- It allows transparent, documented and comparable LCOE calculations among the
different LiftWEC concepts or alternatively between different iterations of the same
LiftWEC configuration during its development.

- It further facilitates the development of Lift WEC as:

- It allows the identification of the components or cost centres with highest impact on
the cost of energy.

- It can assist in describing the strategic Lift WEC roadmap targeting different markets,
deployment rates and LCOE reductions.

- It enhances transparency of claimed energy productions, and allows equitable
comparison of the LiftWEC concept with other wave energy converters.

As mentioned above, the unique feature of the LiftWEC LCOE Tool is that it provides default
values, which allows comparable economic estimates to be drawn even at an early
development stage (the Lift WEC project is advancing from TRL1 to TRL3/4).

The Lift WEC LCOE Tool allows calculations for a single WEC and for a Wave Energy Farm. The
Excel Tool assumes a Single WEC as a first prototype to be i.e. installed at a test site (no
electrical infrastructure is considered for example). The Tool provides default values for this
Single WEC. Another sheet considers the Wave Energy Farm. The default values provided in
the calculation for the Wave Energy Farm are relevant for a pre-commercial or a first
commercial farm with an installed capacity in the range of 10 MW, i.e. composed by 5 to 20
WECs (as a very general estimate). For example, the default values provided for the electrical
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interconnections are for 6 to 11 kV cables, and a 10% discount in costs from the Single WEC to
the Array is assumed. This 10% reduction is reasonable for 10 to 20 WECs; however, for 100
WECs or more, much more reduction in costs is expected.

The LCOE estimation of large commercial arrays of 100 MW and 1 GW corresponding to the
final LiftWEC objectives is very uncertain at this stage, in common with all wave farms. Such
estimations require considerable efforts and detailing to provide a realistic result. Therefore,
LCOE modelling of prospective test sites without extensive definition is therefore not
warranted at this stage of the technology development (TRL3/4). Instead, work will be
conducted to extrapolate the LCOE for a large array (100 MW, 1 GW) based on the data points
obtained from the single and small array development projections covered by the LiftWEC
LCOE Tool, and the use of appropriate learning curves. This work will be conducted after the
selection of the final Lift WEC concept and under Task 8.6.

The authors acknowledge that it is very challenging and even not accurate to provide a single
unit cost as default values representative to different configurations. For example, a single
value of 240.000 EUR for a floating Lift WEC installation including mooring, umbilical cable and
WEC deployment might be 50% inaccurate in some deployments.

Project costs depend on several parameters intrinsic to the nature of the WEC, its design
considerations and of the specific project. For example, the type of WEC, the type of station
keeping, the distance to shore, the water depth, the deployment location, the installation
method, weather windows, the type of mooring, are all parameters which will highly influence
project costs. These defaults values have been reviewed and updated according to the Lift WEC
characteristics, see following sections. By providing default values the authors have aimed at
providing reasonable orders of magnitude which can help to draw first economic calculations.
It is however expected that these default values are mainly used at low TRLs or first economic
assessments, and that at higher TRLs, or when relevant information is available from the other
work packages, specific project costs will be used to overwrite the default values of the Tool.

As a result, it is worth mentioning that behind every calculation, there is an associated error.
We have tried to provide an error estimate, which also may be uncertain.

Deliverable 8.4 of the LiftWEC Project, named “LCOE estimate of baseline configurations” will
use the LiftWEC LCOE Tool to provide an economic assessment of the four baseline
configurations (see LiftWEC Deliverables 2.8, (Folley and Lamont-Kane, 2022)). Two case
studies will be drawn for each configuration: the device operating individually (single WEC) as
well as in arrays (Wave Energy Farm). It is the aim that Del. 8.4 will detail the methodology and
assumptions used, so it can eventually aid future users of the Tool by providing specific Case
Studies.

1.2 BACKGROUND

Consulting Engineer Julia F. Chozas together with Aalborg University and the Danish
Transmission System Operator Energinet.dk, released in 2013 an open access online
spreadsheet to evaluate the Levelised Cost of Energy for wave energy projects. The open-
access tool was intended to calculate the LCOE based on the cost and annual energy
production of a Wave Energy Converter (WEC) at a particular location; where power
production data in specific sea states may derive from laboratory testing, numerical modelling
or from sea trials.
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Since 2013 up to present time, the three documents concerning the LCOE Calculation Tool (the
spreadsheet, the user guide and quick-star user guide) have been available at Aalborg
University open library?.

Many users around the world have used the Tool in its previous versions. Users mainly
comprise the wave energy sector: academia (mainly PhD Students), technology developers,
researchers, and also funding programmes like the Swedish Energy Agency — by recommending
WEC developers using the LCOE Tool when applying for dedicated funding.

1.3 UpDATES IN THE LIFTWEC LCOE TooL

Under the scope of the Lift WEC Project, the LiftWEC LCOE Calculation Tool has been refined
and updated including new features and relevant improvements. These have been agreed by
internal discussions within the LiftWEC Consortium and to some extent, through the feedback
gathered from a wide range of users. Among other refinements, LiftWEC LCOE Calculation Tool
incorporates an updated database of costs developed under Task 8.1 (Tétu and Fernandez
Chozas, 2020) and the parametric cost model developed under Task 8.2 (Tétu and Fernandez
Chozas, 2021). The LiftWEC LCOE Tool has been the main focus of Task 8.3.

Discussions have been held regularly within the LiftWEC project and specifically in WP8 to
address the needs of the Tool to accurately evaluate the economic feasibility of the different
LiftWEC configurations that are being proposed. An internal workshop was held in July 2021 to
present the Calculation Tool to all LiftWEC project participants and collect feedback from the
different WPs. The update ad refinement of the LiftWEC LCOE Tool has been done in parallel to
the definition of LiftWEC Configurations.

The updated Lift WEC LCOE Tool, developed as part of Task 8.3., incorporates:

- Comprehensive updates on all default values and unit cost that the Tool provides both for
the Single WEC and for the Wave Energy Farm. Specifically, for the LiftWEC project,
estimates on costs of O&M and site lease and insurance will come from WP7 dealing
entirely with Operation and Maintenance activities. When cost estimates are available,
these will be updated accordingly in the Tool and in the user guide.

- A Scatter Diagram from the considered test-site in Brittany, west of France, has been
included in the LCOE Tool to reflect the reference location for LiftWEC deployments. The
wave data were obtained from the Homere database of the Ifremer, through the access
provided by the ResourceCode project.

- Array cost assessment included in as a new sheet in excel tool, the Wave Energy Farm.
- Economic Assessment updated and modified for clarity.
- Performance Assessment included.

- Summary pages for the Single WEC and Wave Energy Farm have been included. These are
in the form of a single A4 sheet, which can eventually be included in a report. Both
summary pages allow adding an image (a picture) relevant to the Single WEC and the Wave
Energy Farm being assessed.

- WECs Annual Energy Production can be input as a single value.

'https://vbn.aau.dk/en/publications/user-guide-coe-calculation-tool-for-wave-energy-converters-ver-16
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- New sheet which summarises all LookUp Tables used in the calculations. It makes the Tool
more clear and easy to understand. All default values have been ordered, can be found on
the same sheet and have their associated reference on the side.

1.4 GENERAL

The economic and performance assessment are based on the Single WEC, i.e. the reference
machine. Input data of the Single WEC is divided in two main elements: Main dimensions and
Performances (left-hand side of the Tool, Figure 1.5a), and WEC costs (CAPEX and OPEX) (right-
hand side, Figure 1.5a). The Single WEC can be freely set.

The values used in the calculations are shown under the column used.
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Figure 1.5a: Front-end of the Lift WEC LCOE Calculation Tool. Single WEC (numbers are fictional).

Based on the Single WEC the Tool gives the opportunity to calculate the costs associated to an
array of WECs, a Wave Energy Farm.
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The spreadsheet is locked in order to protect the formulas and the Tool structure. The colour
codes in the cells are as follows:

Editable cells

Default values, used if no other values are entered

Used values

Economic assessment (output of Lift WEC LCOE Tool)

Performance assessment (output of Lift WEC LCOE Tool)

Thus, the green colour cells overwrite the values in the yellow cells.

Input data to the Wave Energy Farm is also divided in two main elements: Site Characteristics
and Main characteristics of the Array (on the left-hand side, Figure 1.5b), and Array costs
(CAPEX and OPEX) (right-hand side, Figure 1.5b).

LiftWEC LCOE Calculation Tool
Wave Energy Farm | WECs Array
(based on data from Single WEC sheet)

Performance Assessment - Floating LIFWEC Array

Total array capacity 10,0 MW
Annual Energy Production (AEF) 2371 Gomy
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Main characteristics of the Array
Ot Erier
Total number of WECs
Humber of rows in the array 4
Humber of WECS per row 5
Distance between WECS in the same row 210
Distance between rows zi0
Distance from off. substation to onshore conn. point 10
Distance fo maintenance port 20
Distance 10 [ADCANoN / Assembly port 50
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Array Total CAPEX with contingencies Ed 57 MEUR
OPEX
MInof fepair & INspection. Anfual costs 08 0.6 MEUR/year 10% GiSCOURL (i & &CONOMies of scale)
Major maintenanceirepai tow back or it Annual costs 12 1.2 MEURryear 10% discount (Le. economies of scale)
Fixed DPEX Annual Site lease, Insurance & Managemen 08 0.6 MEUR/year 10% discount i e. ecanomies of scale)

Others

0.0 MEUR/year

Annual Operational Expenditures (OPEX)

2.5 MEUR/year

Figure 1.5b: Front-end of the Lift WEC LCOE Calculation Tool for the Wave Energy Farm.
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2 SINGLE WEC

The spreadsheet is based on a Single WEC (a wave energy converter), which provides the core
information for all calculations. This Single WEC can be freely set. Previously named as
Reference machine, after internal discussions the new name has been found more appropriate.

All input data such as dimensions, weight, minimum and maximum operative wave conditions,
WEC rated power, conversion system efficiency, power production and costs must be based on
the same Single WEC.

Basically, the Single WEC is the LiftWEC configuration that will be assessed.

2.1 POWER PERFORMANCE KNOWN AS...

Power production of the Single WEC can be specified in by selecting from the roll down menu
one of three alternatives depending on the available data.

1. Providing the performance of the WEC in (typically 6) standard sea states.
2. Providing the performance in the form of a power matrix.
3. Introducing the Annual Energy Production (AEP) as a single value.

Power performance known as: Power matrix

Power matrix

Standard sea states
Annual energy production

2.1.1 Standard sea states

Sea states are a simplified representation of the wave conditions happening at a particular
location.

Most small-scale tests run in the laboratory of Aalborg University (Denmark) focus on five
(sometimes six) sea states, which if correctly scaled correspond to North See conditions, i.e. in
the Danish North Sea, Point 3. The standard sea states cover waves from 1 to 5 (or 6) meter
significant wave heights (Nielsen, 1999), (Meyer et al., 2002), (Kofoed and Frigaard, 2009),
(Nielsen, 2003).

The Tool allows for choosing among various standard sea states. A list of them as well as the
assumptions for each location can be found in ‘Annex B — Standard Sea states’.

Wave absorption efficiency of the WEC in each sea state (according to the laboratory results)
must be included.

(Hodges et al., 2021) have published a set of recommended regular and irregular sea states for
controlled tank testing, which they encourage to use in addition to sea states required to
satisfy the developers own test objectives.

The LiftWEC LCOE Tool allows for including the performance in up to six sea states. If a WEC

only has performance values for some sea states, it should be set to 0 % for the sea state
where data is not available.
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) Sea states -

matrlx A Location DK - Horns Rev
Sea state 1 2 3 4 5 6 Total
Wave abs. eff (%) 48% 40% 31% 22% 15% 2%
Absorbed power (kW) 4 29 56 79 91 19
Electrical power (kW) 4 26 51 7 82 17
Pwave (KW/m) 0,3 2.4 8 11,8 20,2 31,8 ’ 8
Hours (h'y) 1952 3000 1852 1122 574 284 " 8784
El. production (MWh/y) 75 782 938 79.9 470 4,9 ’ 311
El. production * Avail 7.1 743 89,1 75,9 446 46 7 296

Figure 2.1.1: Matrix A including wave absorption efficiency for the relevant Standard Sea States where the
performance of the WEC is known.

2.1.2 Power matrix

If power matrix is selected, the cells of Matrix B (coloured in green) must be filled in. These are
the intervals of Hno and To; in which the power matrix is defined, as well as the power
production (in kW) for each cell (sea state).

Power matrix

(] 702 (5)
o B |
matrix from o 37 a8 54 63 71 79 88 o6 04113 121 120 140 150 160 70 180

7 [ o 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

0,50 200 200 200 200 200 200 200 200 200 200 200 200 200 200 57

1.00| 500 500 500 500 500 500 500 500 500 500 500 50 50 500 190

1.50| 1000 100.0 1000 1000 1000 100.0 100.0 1000 1000 1000 1000 1000 100.0 1000 354

2.00f 1500 1500 1500 150 150.0 1500 1500 1%0,0 1500 1500 1500 1500 1500 1500 523

: 2.50| 1500 150.0 1500 1500 150.0 150.0 1500 1500 1500 150.0 150.0 1500 1500 1500 667

b 3.00| 150.0 150.0 150.0 1500 1500 150.0 1500 150.0 150.0 150.0 150.0 150.0 150.0 150.0 772

50| 1750 1750 1750 1750 1760 1750 1750 1750 1750 1750 1750 1750 1750 1750 828

[ e 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 831

4.50| 3000 3000 300,0 3000 3000 3000 3000 3000 3000 32000 3000 3000 3000 3000 1000

r 5,00 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000 1500

{550 5000 5000 5000 5000 500.0 5000 5000 5000 5000 5000 500.0 5000 5000 5000 1600

[ sl 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 1800

6.50) 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

7.00| 00 00 0o 00 00 00 00 00 00 00 00 00 00 00 00

750 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

[ [ 8.00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

[ [ o5 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
9.00]

Figure 2.1.2: Power Matrix (matrix B) in the Lift WEC LCOE Calculation Tool. Units are kW. In steep waves, a value of
0 kW is typical.

Note the power matrix is defined in terms of Hmo and To.

It is recommended to enter a detailed power matrix, i.e. the more detailed the intervals the
better.

The lower and upper limits of the power matrix have to be consistent with the minimum and
maximum operating conditions of the WEC (see Figure 2.1).

The power matrix might include the WEC’s own electricity consumption and extra production
(if any); otherwise, these values can be included later in the Tool.

2.1.3 Annual Energy Production (AEP)

A refinement to the Tool has been the introduction of the parameter Annual Energy
Production, which allows inputting a single value which states the performance of the WEC. It
is desired that the user will indicate at which location the AEP has been estimated, stating in
addition the distance to shore and the mean power density (in kW/m) at the selected location.
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By selecting this option the LiftWEC LCOE Tool will directly use the AEP number (in MWh/y) to
calculate the LCOE. It will not make use of the calculation steps involving the power matrices B,
C, D, E nor F, thus bypassing them.

Name of project LiftWEC Concept 1 ‘

Power performance known as Annual energy production “-
Distance to shore 10,0 km

Annual energy production 1250 MWh/y Power density at the location: 40,0 kW/m

Figure 2.1.3: Selection of Annual Energy Production to indicate the Power Performance of the single WEC. This is
provided as a single value.

2.2 POWER MATRIX REFERS TO
This option is only available when the power performance of the single WEC is provided in the
form of a power matrix. Whether the power matrix corresponds to absorbed power or
electrical power shall be indicated:

Power matrix refers to: HAbsorbed power Il,

Absorbed power
Electrical power

If absorbed power is selected, the Tool will assume a constant efficiency for the PTO (see
section 2.3.3) and unidirectional energy flow throughout the different sea states in which the
WEC operates.

The worksheet includes default values for PTO and generator efficiencies. The user can either
use these default values or enter his owns (see Figure 2.1).
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2.3 MAIN DIMENSIONS AND PERFORMANCE

Single WEC - Main Dimensions and Performance

Default Enter Used
Scale 1.00 1.00
Main active dimension 30 30.00 m
Secondary dimension (length/width) 12 12,00 m
Total dry weight 260 260.0 ton
Station keeping type Floating f Floating
Moaoring weight 734 7340 ton
Minimum operative HmO 0,00 0.00 m
Minimum operative TO2 3.3 33s
Maximum operative HmO 9,50 9.50 m
Maximum operative T02 18,6 1865
PTO average efficiency Direct drive 95% 90% 90%
Generator average efficiency 100% 100%
Generator rated power 1620 500,0 500 kW
WEC's own consumption (annual) 0.0 0.0 MWh/y
WEC's extra electricity production (annual) 0.0 0.0 MWh/y
WEC availability 95% 95%

Figure 2.3: Single WEC - Main Dimensions and Performances of the Lift WEC LCOE Calculation Tool.

2.3.1 Main dimensions and weight
The main active dimension is used to calculate the incoming wave energy.

The main active dimension multiplied by the wave absorption efficiency corresponds to the
capture length, defined by the IEC Standard (IEC/TS, 2011) as “the power captured by the
hydrodynamically functional part of a WEC divided by power per metre of the incident wave
field”.

The user must indicate the main active dimension (in meters). For Lift WEC configurations this
dimension corresponds to the length of the hydrofoil.

The secondary dimension corresponds to the other main dimension of the WEC in the same
plane, i.e. length or width. In the Single WEC, this is only an informative parameter. It is used in
the calculations for the Wave Energy Farm to calculate the default value for distance between
WECs and rows.

The user shall also include the total dry weight of the single WEC (in tons) and the type of
station keeping (to choose between floating WEC or bottom-fixed WEC). This is relevant for
the costs of the moorings (for a floating WEC) or the costs of foundations (when bottom-fixed
is chosen).

2.3.2 Minimum and maximum operating values
The user must indicate minimum and maximum operating wave conditions for the WEC,
defined in terms of Hyo and Tos.
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Minimum operative Hmo and To, indicate the sea state where the WEC starts operation.
Maximum operative Hmo and To; indicate the sea state where the WEC interrupts operation.

Below and above these two limits, respectively, power production is null.

These limits are only taken into account if power production is given as a power matrix. The
power matrix must be defined within these operating limits.

Default values for minimum and maximum Hmo and To; are the inferior and superior limits of
the power matrix entered by the user, respectively.

2.3.3 Energy conversion efficiencies: PTO and generator efficiency
The following table shows the default efficiency values for the hydraulic, water, air, mechanical
and direct drive PTO systems (Nielsen, 2003):

Table 2.3.3. PTO Efficiencies (Nielsen, 2003)

Type of PTO Default PTO efficiencies (%)
Hydraulic 65%
Water turbines 85%
Air turbines 55%
Mechanical 90%
Direct drive 95%

PTO efficiency refers to the efficiency of the PTO (the power take-off system) including the
generator. Generator efficiency has a default value of 100%.

The efficiencies only apply when the AEP is obtained from a power matrix specified in terms of
absorbed power, see Sections 2.1.2 and 2.2.
2.3.4 Generator rated power

The user can include the rated power of the generator, otherwise a default value is used.

This value serves as an upper limit of the maximum electricity production that the WEC can
produce in each sea state.

If Power performance is known as Standard sea states, the default value for the generator
rated power is the following:

- Generator rated power default value = Max. absorbed power (in kW) * PTO efficiency

If Power performance is known as Power matrix, the generator rated power is taken into
account in the calculation of power matrix C based on matrix F (detailed in Sections 10. 2 and
10.3).

The default value depends on whether this power matrix refers to absorbed power or electrical
power.

If power matrix refers to absorbed power:
- Generator rated power default value = Max. (matrix B, in kW) * PTO efficiency
If power matrix refers to electrical power:

- Generator rated power default value = Max. (matrix B, in kW)
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Note that when the generator is overrated compared to the available resource, the resulting
average capacity factor will be low.

2.3.5 Annual Energy Production
Annual WEC production is calculated based on the WEC performance at the selected location,
as well as on the WEC’s availability, own electricity consumption and extra production:

WEC availability
Availability takes into account the scheduled and the unforeseen maintenance.

Default value for availability is 95% (Fernandez Chozas et al., 2015) which tries to represent
that as much maintenance as possible is carried out in periods where the WEC is out of
operation due to very mild wave conditions.

Availability affects the annual power production linearly.

Own WEC consumption

Own WEC consumption covers the annual energy consumption of the SCADA system, the
control, communication equipment, etc.

The default value is set to 0 MWh/y.
If own WEC consumption is included in the WEC's power matrix, it should be stated.

WEC extra electricity production

This parameter allows the input of extra electricity generation due to co-location of renewable
generation in the same structure. Accordingly, this value must be filled in when there is
another power production source besides the WEC production specified as a power matrix or
as standard sea states. For example, production from wind turbines or floating solar panels
located on the same wave structure.

The value should indicate annual electricity production (in MWh/y).
The default value is set to 0 MWh/y.

If WEC extra electricity production, besides the production of the wave absorption mechanism,
is included in the WEC’s power matrix, it should be stated.

According to the three parameters above, Annual Energy Production of the WEC is calculated
by the following formula:
Annual Energy Production (MWh/y)
= (Annual Electricity Production * Availability)
— (Own WEC consumption) + (Extra WEC production)

2.3.6 Project lifetime
The default value is set to 25 years (Fernandez Chozas et al., 2015).

This value is taken into account to calculate the LCOE and NPV and influences the output of the
payback period.
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2.4 SINGLE WEC Costs (CAPEX AND OPEX)

LiftWEC LCOE Tool includes default unit cost values for all cost centres. Single WEC Costs have
been divided into Capital Expenditures (CAPEX) and Operational Expenditures (OPEX).
Deliverable 8.1 of the Lift WEC Project “Cost Database” compiled all relevant costs related to a
wave energy project in a cost database (Tétu and Fernandez Chozas, 2020). The main cost
centres related to a wave energy project that form CAPEX and OPEX have been updated in the
Tool.

Default values are shown in the yellow cells. When a value is inserted in a green colour cell, it
overwrites the default value of the yellow cell.

Default values are independent of the chosen site of deployment.

It is, however, recommended that these default values are only used on projects at a very early
development stage. Above a certain development stage (i.e. TRL 3-4), the user must justify and
insert own cost values.

The yellow cells on the left-hand side of the costs table under column “Default” show the
calculated default values, which are based on the structural weight, rated power and mooring
weight input data from the Single WEC Main Dimensions and performance (Figure 3.3) as well
as on the unit costs shown on the right-hand side of the costs table under “Unit Costs”.

Single WEC Costs (CAPEX and OPEX) Currency

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Development and Consenting 98 80 KEUR 6% CAPEX
Planning and consenting 0 50 50 KEUR
Engineering and management 0 30 30 KEUR
WEC Structure and Prime mover 685 KEUR
Main material Steel 680.0 680 KEUR 3400 EUR/ton
Tons of Steel 260,0 200,0 200,0 ton
Other material Concrete 15,0 15 KEUR 250 EUR/on
Tons of Concrete 60,0 60,0 ton
Others 0.0 0 KEUR
Balance of Plant 580 KEUR
Direct drive PTO 300 300 KkEUR 600 EUR/KW
Umbilical / Dynamic cable (from PTO to connector) 60 60 KEUR 60000 EUR
Electrical connection (from WEC to grid) 0 0 KEUR 0 EUR/m
Mooring system 220 220 KEUR 300 EURJton
Control 11.1 11 KEUR 0.68% of total CAPEX
SCADA 0.0 0.0 KEUR
Pitch control 0,0 0,0 kEUR
Submergence control 0.0 0.0 KEUR
Radius control 0.0 0.0 KEUR
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Installation and Commissioning 240 240 kEUR 240000 EUR

Pre-assembly and transport 0,0 0 KEUR

Installation: Bottom-fixed WEC, Foundation 0,0 0 KEUR

Decommissioning 1848 185 kEUR T7% of Total Installation Costs
QOthers 0 KEUR

Tota! CEpI‘t?l Expenditures (CAPEX) before 1711 KEUR

contingencies

Contingencies 171 171 kEUR 10%

Total CAPEX with contingencies 1882 1882 KEUR

Annual Operational Expenditures. OPEX 137 kEUR/year

Minor repair & Inspection. Annual costs 34,2 34 KEUR/year 2% CAPEX (before contingencies)
IMajor maintenance/repair: tow back or lift. Annual costs 68,4 68 kEUR/year 4% CAPEX (before contingencies)
Fixed OPEX: Annual Site lease, Insurance & Management 34,2 34 kEUR/year 2% CAPEX (before contingencies)

Figure 2.4: Costs assessment table of the Lift WEC LCOE Tool for the Single WEC including Capital Expenditures
(CAPEX) — divided per cost centre: Development and Consenting, WEC Structure and Prime Mover, Balance of Plant,
Control, Installation and Commissioning, and Decommissioning — and Operational Expenditures (OPEX).

2.4.1 Capital Expenditures or CAPEX

Capital Expenditure (CAPEX) is all expenditure associated with a wave energy converter
development, deployment and commissioning until the operation of the WEC starts. It also
includes decommissioning at the end of the project life. Cost centres in CAPEX are the
following:

Development and Consenting
WEC Structure and Prime Mover
Balance of Plant

Control

Installation and Commissioning
Decommissioning

ok wNE

2.4.1.1 Development and Consenting

It includes all costs related to the planning and consenting, and the engineering and
management. The Tool allows the user to input the values in these two categories. Since
literature shows that they can typically be estimated as a fixed percentage of CAPEX (Tétu and
Fernandez Chozas, 2020), the default value assumed by the Tool is 6% of CAPEX, and is
calculated as 6% of the sum of the costs of the WEC Structure and Prime Mover, Balance of
Plant, Control, Installation and Commissioning, and Decommissioning.

If fixed values are chosen as in the example below (Figure 2.4.1.), where 50 kEUR are used for
Planning and consenting and 30 kEUR for Engineering and management — the default value of
6% of total CAPEX, accounting for 110 kEUR and shown in the yellow field, is overwritten by
the specified 80 kEUR used.
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Default Enter Used
Capital Expenditures. CAPEX Unit costs
Development and Consenting 110 80 KEUR 6% CAPEX
Planning and consenting 0 50 50 kEUR
Engineering and management 0 30 30  kEUR

Figure 2.4.1.1: Single WEC, Capital Expenditures (CAPEX). Development and Consenting.
2.4.1.2 WEC Structure and Prime Mover

These costs depend on the materials selected.

The user can select between four types of materials in a drop-down menu under main material
and other material.

Each material (concrete, ballast concrete, steel and glass fibre) has the following cost per ton
(in EUR/ton) associated.

Table 2.4.1.2. Material Costs, in EUR/ton (Nielsen, 2003), (Meyer et al., 2002) (Nielsen and Friis-Madsen, 2020).

Material Unit cost (EUR/ton)
Concrete 250
Ballast concrete 70
Steel 3.400
Glass fibre 9.500

If “Steel” is chosen as main material, the default unit cost for steel 3400 EUR/ton appears to
the right in the yellow cell. The actual weight of steel (in this case 200 ton) is to be entered
under “Enter” and the remaining structural weight will then be calculated and shown under
Other material. In this example this value, corresponding to tons of concrete, is 60, because
the structural weight indicated under the main dimensions is 260 ton.

Default Enter Used

Capital Expenditures. CAPEX Unit costs

WEC Structure and Prime mover 695 KEUR

Main material Steel 680.0 680 KEUR 3400 EUR/ton
Tons of Steel 260,0 200,0 200,0 ton

Other material Concrete 15,0 15 KEUR 230 EUR/on
Tons of Concrete 60,0 60,0 ton

Others 0.0 0 KEUR

Figure 2.4.1.2: Capital Expenditures (CAPEX). WEC Structure and Prime mover.

2.4.1.3 Balance of Plant

This cost centre includes the costs of the PTO, the umbilical or dynamic cable (from PTO to
connector), the electrical connection (from WEC to grid) and the station keeping (either the
mooring or the foundation).

PTO Costs

The default unit cost values of the different types of PTO systems (including the cost of
turbines, hydraulic motors, hydraulic pumps, gearboxes tooth racks or other types of direct
mechanical actuators including the generator) are shown in Table 3.4.1.3.
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Table 2.4.1.3: Unit cost for the different types of PTO (Ricci et al., 2012), including PTO efficiencies (from Table 3.3.4).

Type of PTO Efficiency (%) Unit cost (EUR/kW)
Hydraulic 65% 800
Water turbines 85% 700
Air turbines 55% 1.000
Mechanical drive 90% 1.400
Direct drive 95% 600

The user must select the type of PTO (see Section 3.3.4). The Tool then multiplies the unit cost
of the selected type of PTO with the final value of the generator rated power. In this example
generator rated power has a value of 500 kW, which is multiplied by the unit cost of 600
EUR/KW for a direct drive PTO type, providing a default value of 300 kEUR.

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Balance of Plant 580 KEUR
Direct drive PTO 300 300 KEUR 600 EUR/KW
Umbilical / Dynamic cable (from PTO to connector) 60 60 KEUR 60000 EUR
Electrical connection (from WEC to grid) 0 0 KEUR 0 EUR/m
Mooring system 220 220 KEUR 300 EUR/ton

Figure 2.4.1.3: Capital Expenditures (CAPEX). Balance of Plant.

Umbilical / Dynamic cable (from PTO to connector)
Umbilical and dynamic cables costs depend on power, voltage level, cable length, etc.

This parameter is relevant when the WEC is floating (as in the example in Figure 3.4.1.3).
Default value is zero when the WEC station keeping is a foundation. For floating WECs, the unit
costs for umbilical cables is proposed as 60.000 EUR according to (Flannery, 2020).

The average unit cost published by Bimep (2018) for umbilical cables based on their expertise
is of 70 EUR/m, which depends on the length of the umbilical cable.

A unit cost of 25 EUR/meter*MW, which combines the rated power and the length of the

umbilical, has also been suggested.

Electrical connection (from WEC to grid)
The cost of the electrical connection also depends on power, voltage, length, etc.

It is expected that a single WEC will make use of any of the existing test sites and electrical
connections available around the world (especially in Europe). This is the reason why the
default value for the electrical connection of the Single WEC in the Tool is set to 0.

If the user would like to include the cost of the electrical connection (from WEC to onshore
grid), Tétu and Fernandez Chozas (2020) provide a review of these costs. Section 4.4.1 also
reviews the costs for electrical connections.

Mooring system or foundation

Depending on the user’s selection on the station keeping type (floating or bottom-fixed), the
costs table will be updated with estimates on mooring costs or foundation costs, respectively.

Mooring costs depend on the number, length of mooring cables, maximum load, anchor type
and weight. In the Tool they are based on a unit cost of 300 EUR/ton (Nielsen and Friis-
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Madsen, 2020). The default value is calculated by multiplying the unit cost (300 EUR/ton) by
the mooring weight (in tons) indicated by the user. In the example (Table 3.4.1.3) the default
value is calculated by multiplying the mooring weight (734 ton) by the unit cost value, resulting
into a default value of 220 kEUR.

Foundation costs are highly dependent on the type of foundation and the amount of material
used. The assumption made in the Tool is that foundations are made of concrete; hence a unit
price of 250 EUR/ton is used. Similarly as for the mooring costs, the default value for the
foundation costs is calculated by multiplying the unit cost (250 EUR/ton) by the foundation
weight (in tons) indicated by the user.

This cost centre does not include the cost of installation.

2.4.1.4 Control

The Tool divides the total Control system of a WEC into 4 different types of control: SCADA,
Pitch Control, Submergence Control and Radius Control. The default unit cost for Control is
estimated as 0.68% of total CAPEX (Wave Energy Scotland, 2016).

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Control 11,1 11 KEUR 0.68% of total CAPEX
SCADA 0.0 0.0 KEUR
Pitch control 0.0 0,0 kEUR
Submergence control 0.0 0.0 KEUR
Radius control 0.0 0.0 KkEUR

Figure 2.4.1.4: Capital Expenditures (CAPEX). Control.

2.4.1.5 Installation and Commissioning

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Installation and Commissioning 240 240 kEUR 240000 EUR
Pre-assembly and transport 0,0 0 kEUR
Installation: Floating WEC, Mooring, Umbilical cable 0,0 0 kEUR
Decommissioning 1848 185 kEUR T7% of Total Installation Costs

Figure 2.4.1.5.a: Cost assessment for a Floating-type, Single WEC, Installation, Commissioning, and
Decommissioning.

The LiftWEC LCOE Calculation Tool divides the Installation and Commissioning costs into two
categories:

1. Pre-assembly and transport of the WEC to site, and

2. Installation on site, which will be displayed differently depending on the station
keeping type (floating or bottom-fixed).

a. If it is a floating WEC, the Installation will read Installation: Floating WEC,
Mooring and Umbilical Cable (Figure 3.4.1.5.a).

b. If itis a bottom-fixed WEC, the Installation will read Installation: bottom-fixed
WEC, Foundation (Figure 3.4.1.5.b).
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This cost centre is also very project specific. It depends on the vessels and time needed for the
installation of the specific WEC, the daily tariffs, mobilisation and demobilisation costs,
weather window, and waiting time for suitable weather window.

The default cost for Total Installation and Commissioning in the Tool is set at 240.000 EUR
(Bimep, 2018). It is assumed independent of the type of WEC (floating or bottom-fixed) and is
based on following considerations:

e Mooring Installation (in total 100.000 EUR).
o Cost of an anchor handling vessel: 10.000 EUR/day
o 4 days for installation, plus mobilization/demobilization and waiting on
weather days: 10 days

e Umbilical cable (in total 120.000 EUR):
o Umbilical cable installation with DP1vessel, 10.000 EUR/day; 2days
o Specialist team to assemble the connector to the umbilical cable and to
assemble the connectors between them can cost around 80.000 EUR
(mobilisation, demob, 3-4 days, 7 people and equipment).
o Insurance: 20.000 EUR

e Towing and connecting the device (in total 20.000 EUR):
o Atowing vessel, 7.500 EUR/day, 2 days can be enough.
o Diving work required for operations or supervision, 2.500 EUR/day, 2 days.

The default cost for the installation of a bottom-fixed WEC (figure below) is also assumed to be
240.000 EUR. It is acknowledged that installing a bottom-fixed type of WEC may require
different types of installation vessel but as a first guess the default value is assumed the same
as floating.

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Installation and Commissioning 240 240 kEUR 240000 EUR
Pre-assembly and transport 0,0 0 KEUR
Installation: Bottom-fixed WEC, Foundation 0,0 0 kEUR
Decommissioning 1848 185 kEUR 77% of Total Installation Costs

Figure 2.4.1.5.b: Cost assessment for a bottom-fixed type, Single WEC, Installation, Commissioning, and
Decommissioning.

It is important to note that many types of installation vessels exist, which vary greatly on
capabilities and daily rates. As a guideline, approximate vessel daily rates, depending on the
type of vessel, are provided below (Flannery, 2020a):

e Crew transfer = 1.200 EUR/day

e Multicat = 2.000 EUR/day

e 50-ton Tug = 8.000 EUR/day

e 70-ton Tug =12.000 EUR/day

e Small Construction Vessel (OCV 250) = 35.000 EUR/day

e Large Construction Vessel (OCV 400 like the Viking Neptune) = 95.000 EUR/day

The user shall note that for the Single WEC, no specific electric export cable installation is
considered.
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2.4.1.6 Decommissioning

Decommissioning costs include all cost related to the removal of the WEC, the foundation or
mooring system and the electrical cables according to the legally binding contract (Tétu and
Fernandez Chozas, 2020). Even though decommissioning happens at the end of the project, it
is often required that the decommissioning costs are secured at the beginning of the project. It
is therefore included in the discounted costs (Tétu and Fernandez Chozas, 2021).

The default value for decommissioning is calculated as 77% of the total Installation and
Commissioning costs (OPERA, 2019). In the example above (Figure 3.4.1.5.b) this corresponds
to 192.5 kEUR, which is the multiplication of 250 kEUR by 0.77.

2.4.1.7 Contingencies

To account for the unknown and based on the experience of the test site bimep (Bimep, 2018),
which states that “Underestimation of costs is a main risk when it comes to real sea testing”,
10% is the default value allocated to contingencies. Total CAPEX are provided before
contingencies and after contingencies.

Default Enter Used
Capital Expenditures. CAPEX Unit costs
Tota! Capltgl Expenditures (CAPEX) before 1711 KEUR
contingencies
Contingencies 171 171 KEUR 10%
Total CAPEX with contingencies 1882 1882 KEUR
T

Figure 2.4.1.7: Single WEC. Capital Expenditures (CAPEX). Contingencies.

2.4.2 Operational Expenditures or OPEX

OPEX is all expenditure associated with the operation of a WEC for the moment a takeover
certificate is issued. When data is scarce, annual OPEX can be estimated as a percentage of
CAPEX (in units of costs per year). As shown in literature, estimates of total OPEX per year
roughly range from 2% to 10% of CAPEX (Tétu and Fernandez Chozas, 2020).

Whereas CAPEX are mostly incurred at the beginning of a project (or in years -3, -2 and -1
previous to start of operation),OPEX are distributed throughout the project lifetime.

Default Enter Used
Annual Operational Expenditures. OPEX 137 kEUR/year
Minor repair & Inspection. Annual costs 342 34 KEUR/year 2% CAPEX (before contingencies)
Major maintenance/repair: tow back or lift. Annual costs 68,4 68 KEUR/year 4% CAPEX (before contingencies)
Fixed OPEX: Annual Site lease, Insurance & Management 34,2 34 KEUR/year 2% CAPEX (before contingencies)

Figure 2.4.2.: Single WEC Operational Expenditures (OPEX).
The Tool classifies Annual Operational Expenditures or OPEX into three categories:

- Minor repair and Inspection, with a default value of 2% of CAPEX before
contingencies.

- Major maintenance / repair. Tow back or lift. Annual costs: with a default value of 4%
of CAPEX before contingencies.

- Fixed OPEX: Annual Site lease, Insurance & Management costs, with a default value
of 2% of CAPEX before contingencies.

24167



Del 8.3 - LiftWEC LCOE Calculation Tool g} LlftWEC

As a guideline, the following figures from the offshore wind sector (COWI, 2021) are provided:

Small Commercial Vessel (SCV) has about nine technicians onboard suitable for an operation
radius up to 100 km with a speed of 37 km/hour (20 knob) in sea conditions less than Hs =
2.5m. Depending on size, the daily cost is estimated between 1.500 to 2.300 EUR/day; and the
cost on a yearly basis in the range 300 to 750 kEUR/year.

Service Operation Vessels (SOV) are significantly larger compared to SCVs including 305 m?
deck and a crew of 40-60 technicians. Although more expensive, they are equipped with a
hydraulic landing that is stabilized at 6 degrees of freedom so technicians can move safely
from vessel to wind turbine, enabling maintenance at up to Hs=3.0m. The cost of these ships is
estimated at 12.000 kEUR/year.

The Corewind Project estimates the costs for the site lease as a one-time fee of 0.2 EUR/m?2.
Other site lease costs are provided in (Tétu and Fernandez Chozas, 2020).
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3 WAVE ENERGY FARM — WAVE ARRAYS

A new sheet has been added into the LiftWEC LCOE Tool, named Wave Energy Farm, which
allows carrying out a cost and performance assessment of a wave energy farm composed by
several WECs.

Most of the inputs for the calculations are taken from the Single WEC sheet, except from few
specific inputs that must be entered. Therefore, baseline information of the Wave Energy Farm
is based on the Single WEC main dimensions, performance and cost estimates.

The sketch in the following figure exemplifies the farm layout assumed for all calculations, the
type of electrical cables (inter-array cables connecting the WECs in the farm and export cable
connecting the offshore substation to the onshore connection point).

Single LiftWEC
Offshare Collection Hub: \Z@ X X \X x-
= Junction box
« Offshore connectors
« Offshore substation or
tranformer platform
& & & & &
Distance between
rows
Export cable . X ?_Q 8 ’2@
Distance between
Inter-array cables WECSs in the same

row

Onshore
connection point

Figure 3: Assumed power transmission layout for a wave energy farm of 20 Lift WECs.

3.1 SITE CHARACTERISTICS OF THE ARRAY

The Tool takes all default values from the Single WEC sheet. The user must include the
following information (green cells in Figure 4.1):

- Project name

- Deployment location

- Power density at the deployment location (in kW/m)

- Water depth (in meters) — this parameter is only illustrative. It is not used in the Tool.

- Project lifetime (in years) — it is used to calculate the discounted values relevant for the
LCOE calculation.

- Project discount rate (in %) — it is used to calculate the discounted values relevant for
the LCOE calculation.

26167



Del 8.3 - LiftWEC LCOE Calculation Tool

Site characteristics - Array

Default
Project name Floating LIWEC Array
Deployment location Ifremer, France
Power density at the location 30
Water depth 30
Project lifetime 25
Project discount rate 5%
Main characteristics of the Array
Default

Total number of WECs 20
Number of rows in the array 4
Number of WECs per row
Distance between WECSs in the same row 210
Distance between rows 210
Distance from off. substation to onshore conn. point 10
Distance to maintenance port 20
Distance to fabrication / assembly port 50

Array performance - Annual Energy Production

Default

Single WEC Annual Electricity Production 215

approx. Percentual Energy Loss row after row 2%

Total Array Annual Energy Production 423

Single WEC rated power 500

Total Array Capacity 10,0

Enter

Enter

Enter

&

Used

30 kW/m
30 m
25 years
5%

Used
20 WECs

4 rows
5 WECs/row

210 m
210 m
10 km
20 km
50 km

Used
215 MWh/y
2%

4,23 GWhiy
500 kw
10,0 MW

Figure 3.1: Site characteristics and Main characteristics of the Array.

3.2 MAIN CHARACTERISTICS OF THE ARRAY

(5 LIftWEC

Note that WEC main dimensions are taken from the Single WEC sheet, and cannot be provided
in this sheet. To be modified, these shall be changed under Single WEC.

In Table 3.1, the user shall enter the following array information:

- Total number of WECs. The default value is 20 WECs.

- Number of rows in the array. The default value is 4 rows.

- Number of WECs per row: default value is Total number of WECs divided by Number of
rows in the array. In the example 20 divided by 4.
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- Distance between WECs in the same row: This parameter shall consider maintenance
access and the footprint of the mooring. Default value is seven times the largest
dimension of the Single WEC.

- Distance between rows: This parameter shall consider maintenance access and the
footprint of the mooring. Default value is seven times the largest dimension of the
Single WEC.

- Distance from offshore substation to onshore connection point: This value is used to
calculate cost estimates of the export cable. A default value of 10 km is assumed.

- Distance to maintenance port. This value is only informative. It should be combined
with the cost of maintenance vessels and required maintenance per year. A default
value of 20 km is assumed.

- Distance to fabrication / assembly port. This value is only informative. It should be
combined with the cost of installation vessels and required time (weathers windows
per year). A default value of 50 km is assumed.

3.3 ARRAY PERFORMANCE — ANNUAL ENERGY PRODUCTION

- Single WEC Annual Energy Production. Default value is taken from Single WEC sheet.

- approx. Percentual Energy Loss row after row. This parameter has been introduced to
take into account the eventual shadowing effect among WECs. Based on the
experience gained from Pelamis, a default value of 2% losses in final AEP, row after
row, has been considered as default value.

- Total Array Annual Energy Production. Default value is calculated as the number of
WECs in each row multiplied by the annual energy production of the single WEC,
discounted by the approx. percentual energy loss row after row.

- Single WEC rated power. Default value is the generator rated power for the Single
WEC.

- Total Array Capacity. Default value is taken from Single WEC sheet, and corresponds
to Number of WECs in the array multiplied by the Single WEC rated power.

3.4 ARRAY Costs. CAPEX AND OPEX

Note that the units in the cost assessment of the Array are in Million (i.e. MEUR); whereas in
the Single WEC units are expressed in kilo (i.e. KEUR).

3.4.1 Array Capital Expenditures (CAPEX)
Cost centres for CAPEX in the wave energy farm are the same as in the Single WEC.

The default unit cost for Development and consenting is estimated as 6% of total array CAPEX.

It could be argued that the Development and consenting costs, calculated as a percentage of
CAPEX, are expected to decrease proportionally as the installed power capacity of the project
increases, as standard procedures are developed (Nielsen, 2001). Hence, Development and
consenting cost for an array could maybe be proportionally lower than for the Single WEC.
However, the experience shows that the consenting of the electrical connection, which is
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included in the Array and not in the Single WEC cost assessment, can be quite time and effort
consuming.

The default unit cost for the following cost centres (WEC Structure and Prime mover, PTO,
Umbilical Cables, Station Keeping and Control) is calculated as the number of WECs in the array
multiplied by the final number used for the Single WEC, considering a discount of 10% due to
economies of scale (i.e. when a large quantity is purchased).

For example, in the figure below the default unit cost for Control is of 0.2 MEUR,
corresponding to the Control costs for the Single WEC of 11.1 kEUR, multiplied by 20 (Total
number of WECs in the array) and multiplied by 0.9 (10% discount due to economies of scale).

Default Enter Used Unit costs
Array CAPEX
Development and Consenting 1,9 2 MEUR 6% Total CAPEX
WECs Structure and Prime mover 12,5 12,5 MEUR 10% discount (i.e. economies of scale)
PTOs 54 54 MEUR 10% discount (i.e. economies of scale)
Umbilical / Dynamic cables (from PTO to connector) 0,0 0,0 MEUR 10% discount (i.e. economies of scale)
Station keeping (Foundation) 3.3 3,3 MEUR 10% discount (i.e. economies of scale)
Control 0,2 0,2 MEUR 10% discount (i.e. economies of scale)
Others 0,0 MEUR

Figure 3.4.1. Cost assessment for a Wave Energy Farm. Capital Expenditures (CAPEX).

Depending on the Station Keeping type, perhaps could be considered whether shared mooring
piles are an option in an array.

3.4.1.1 Array - Electrical connection (including Installation)

The sketch in Figure 4 details the assumed layout for the Wave Energy Farm, including the
layout of the inter-array cables, the offshore substation (transformer platform / offshore
connectors) and the export cable (from substation to onshore connection point).

Default Enter Used Unit costs
Array CAPEX
Array - Electrical connection (including Installation) 2,6 MEUR
Inter-array electrical cables 0,6 0,6 MEUR 150 EUR/m (6 kV / 11 kV)
Offshore collection hub (junction box / offshore connectors) 0,5 0,5 MEUR 500 KEUR
Export cable (from substation to onshore connec. point) 1,5 1,5 MEUR 150 EUR/m (6 kV / 11 kV)

Figure 3.4.1.1. Electrical Connection cost assessment for the Wave Energy Farm.

Inter-array electrical cables:

The unit cost assumed in the Tool is of 150 EUR/m, representative for a 6 kV and 11 kV cable
and including installation. The Tool calculates the default value by multiplying the unit cost by
the Total Number of WECs, the Number of WECs per row and the Distance between WECs in
the same row. In the example (Figure 4.4.1.1.) this is 0.63 MEUR (i.e. 0.6 MEUR), corresponding
to 150 EUR/m * 4 rows * 5 WECs/row * 210 m between WECs in the same row.

This unit cost is based on the research carried out by Collin et al. (2017), where cable cost are
provided as a function of power rating, voltage level and cable distance. Costs estimates are
provided both for static as well as dynamic cables. The unit cost chosen in the Tool is the
average value of the following three cases (calculated by Equation 1 and Table Al. Static cable
cost coefficients in Collin et al., 2017):

- 5MVA, 6.6 kV cable 2 142 EUR/m

- 5MVA, 11 kV cable > 98 EUR/m
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- 10 MVA, 11 kV cable = 197 EUR/m

For a large scale deployment, the estimates from COWI (2021) could be relevant. They refer to
offshore wind deployments in the GW scale in the planned Danish Energy Islands (Danish
North Sea), about 100 km offshore, and are the following (figures include the cost of the cables
and the installation):

e 400 EUR/m (3 mio. DKK/km) for the 66 kV internal connection in the windfarm.
e 500 EUR/m for the 66 kV cables connecting the island or the platform to the first wind
turbine.

Flannery (2020b) estimates the unit cost for a 33 kV connection and excluding installation as
200 EUR/m.

Offshore collection hub (junction box / offshore connectors):

The costs of these depend largely on the type, voltage level, alternate or direct current (AC or
DC), and power rating. The default value provided by the Tool is of 500 kEUR (Collin et al., 2017
and after internal discussions).

For large arrays, Siegel (2012) provides a unit cost for an offshore subsea connection point for
a 200 MW wave deployment of around 1.5 MEUR, including installation.

COWI (2021) details that a 1 GW, 66/275 kV AC offshore platform is assumed to have a cost of
146 MEUR; and a 500 MW, offshore AC platform, 120 MEUR.

For a very large scale deployment, COWI (2021) details that 1 GW, HVDC (High Voltage Direct
Current) platforms are assumed to cost in the range of 470 to 520 MEUR per piece including
transport, installation and rental of residential platform for installation and commissioning.
According to the same reference, unit prices are determined by the average of various budget
figures from project-specific sources, as well as publicly available material from the Internet,
and are valued at an uncertainty of 30%.

Export cable (from substation to onshore connection point):

Similarly as for the inter-array cable, the unit cost assumed in the Tool is of 150 EUR/m,
representative for a 6 kV and 11 kV cable and including installation (Collin et al., 2017). The
default value (as in the example of Figure 4.4.1.1) is calculated by multiplying the unit cost by
the Distance from offshore substation to onshore connection point (input value, in km). In the
example this is 1.5 MEUR, corresponding to 150 EUR/m * 10 km.

For larger export cables (higher ratings and power levels), Flannery (2020b) estimates a unit
cost of 1500 EUR/m, assumed for a 150 kV connection and including installation.

COWI (2021) provides the following costs for cables, depending on voltage, which also include
installation costs:

e 1.745 EUR/m for a 275 kV sea cable
e 3.355 EUR/m for a 380 kV sea cable
e 1.500 EUR/m for a HVDC sea cable

e 1.450 EUR/m for a HVDC land cable

COWI (2021) also notes that an AC/HVDC, 1GW onshore substation has a cost around 160
MEUR (1.2 mia. DKK).
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3.4.1.2 Array - Installation, Commissioning and Decommissioning

The default unit cost for Installation is calculated as the number of WECs in the array
multiplied by the final number used for Installation of the Single WEC, considering a reduction
of 10% due to economies of scale.

For example, in the figure below the default unit cost is of 4.3 MEUR, corresponding to the
Installation costs for the Single WEC of 240 kEUR, multiplied by 20 (Total number of WECs in
the array) and multiplied by 0.9 (10% reduction due to economies of scale).

Default Enter Used Unit costs
Array CAPEX
Array - Installation 43 4,3 MEUR 10% discount {i.e. economies of scale)
Transport to harbour and Pre-assembly onshore 0,0 0,0 MEUR 0 EUR/m
WECs Installation (structure and prime mover) 0,0 0,0 MEUR 0 MEUR
Foundations Installation 0,0 0,0 MEUR 0 EUR/m
Array - Decommissioning 3.3 3,3 MEUR 77% of Total Installation Costs

Figure 3.4.1.2. Installation and Decommissioning cost assessment for the Wave Energy Farm.

Installation costs are very dependent on the type of seabed and bathymetry, distance to shore
and depth, as well as the type of vessel required for these operations.

Also from offshore wind projects (COWI, 2021) it is known that many types of installation ships
exists which vary greatly from floating installation vessels, jack-up ships that can stand on the
seabed while the crane is used, as well as barges pulled by support ships. It is important to
consider the different installation scenarios as prices can vary from 20.000 to 46.000 EUR/day
for combinations of tugboat / barge up to 134.000 to 200.000 EUR/day.

Decommissioning: as for the Single WEC, the default value for all decommissioning activities is
of 77% of total installation cost (OPERA, 2019); in the example 3.3 MEUR, the result of
multiplying 4.32 MEUR by 0.77.

COWI (2021) reports there are various estimates for the decommissioning cost of offshore
wind farms. Based on (Topham and McMillan, 2016) decommissioning costs can be estimated
at 2-3% of the total CAPEX.

3.4.1.3 Contingencies

Similarly as in the Single WEC, 10% is the default value allocated to contingencies. Total CAPEX
are provided before contingencies and after contingencies.

Default Enter Used Unit costs
Array CAPEX
Array - Total CAPEX before contingencies 33 MEUR
Contingencies 33 3,3 MEUR 10%
Array Total CAPEX with contingencies ar 37 MEUR

Figure 3.4.1.3. Contingencies and CAPEX before and after taking Contingencies into account in the Wave Energy
Farm cost assessment.

3.4.2 Array Operational Expenditures (OPEX)
Similarly as in the Single WEC, OPEX is calculated as 8% of CAPEX, assuming the following
percentages for the three categories that compose OPEX:
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Minor repair and Inspection: the default value corresponds to 2% of CAPEX before
contingencies for the Single WEC, multiplied by the Number of WECs and by 0.09 (to take into
account a reduction of 10% in total value due to economies of scale).

Major maintenance/repair: tow back or lift. Annual costs: the default value corresponds to
4% of CAPEX before contingencies for the Single WEC, multiplied by the Number of WECs and
by 0.09 (to take into account a reduction of 10% in total value due to economies of scale).

Fixed OPEX: Annual Site lease, Insurance & Management costs: the default value corresponds
to 2% of CAPEX before contingencies for the Single WEC, multiplied by the Number of WECs
and by 0.09 (to take into account a reduction of 10% in total value due to economies of scale).

OPEX

Minor repair & Inspection. Annual costs 0,6 0,6 MEUR/year 10% discount (i.e. economies of scale)
Major maintenance/repair: tow back or lift. Annual costs 1,2 1,2 MEUR/year 10% discount (i.e. economies of scale)
Fixed OPEX: Annual Site lease, Insurance & Management 0,6 0,6 MEUR/year 10% discount (i.e. economies of scale)
Others 0,0 MEUR/year

Annual Operational Expenditures (OPEX) 2,5 MEUR/year

Figure 3.4.2 Operational Expenditures cost assessment for the Wave Energy Farm.

For very large-scale projects, the following estimates could be relevant: COWI (2021) estimates
the operation and maintenance (O&M) costs for the offshore wind farms and the related
electrical systems at 10 EUR/MWh (75 DKK/MWAh); stating that only a very general number can
be given to these cost assessments and that the same figure is assumed for all wind farms.
Hence, annual O&M estimates amount to 150 MEUR/year for a 3 GW offshore wind
deployment and 480 MEUR for a 10 GW offshore wind deployment, as planned for the Danish
Energy Islands.
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4 LOCATIONS

Depending on whether the WEC’s power performance is known as power matrix or as standard
sea states, a list of locations defined by a scatter diagram or by sea states, respectively, can be
selected.

A scatter diagram is a matrix that provides an approximate value of the long-term wave
climate of a location. In the Lift WEC Tool, scatter diagrams are defined in terms of Hmo and Toy;
all scatter diagrams in the Tool have the same resolution: 19 different wave heights (band of
0.5 meters) and 17 wave periods (bands of 1 second). Each bin of the matrix indicates the
hours per year that a particular sea state occurs. Each sea state is defined by one Hmo and one
TOZ.

The standard sea states are another representation of the wave climate of a site. Each sea
state is defined by Hmo, To2, the probability of occurrence of each sea state (in hours per year)
and the energy content of each sea sate (in kW/m of incoming wave).

4.1 SCATTER DIAGRAMS

The scatter diagrams are used when the WEC’s performance is provided by a power matrix. In
the spreadsheet, they are defined in the sheet “Scatter Diagrams_T02”. It is not expected that
these data is modified, except for when the user wishes to define a new scatter diagram.

All locations with an available scatter diagram appear in a drop down menu in the Single WEC
sheet (Figure 4.1a). The possibility to enter a new scatter diagram is available (Figure 4.1b).

MName of project LiftWEC Concept 1
Power performance known as: Power matrix
Power matrix refers to: Electrical power
Location DK - North Sea, Point 3 ll:‘ wvave: 16 kW/m
. D orth Sea, Po -
Wave period France: SEM-REV
France - Yeu Island
France - Ifremer =
Ireland - Galway Bay
Ireland - Belmullet
Portugal - Pilot Zone
Portugal - Offshore Lisbon il

Figure 4.1a Locations’ selection from a drop-down menu. Single WEC sheet.

Power performance known as: Power matrix

Power matrix refers to: Electrical power

Location DK - Morth Sea, Point 3 ‘lf wave: 16 KW/m

. Portugal - Offshore Lisbon -
Wave period Spain - EIMEP

Spain - PLOCAN

UK - EMEC

UK - Pertland Firth

UK - Wave Hub

USA - Humboldt Bay (CA
User Defined Scatter Diagram <

i

Figure 4.1b Locations’ selection from a drop-down menu showing the possibility of choosing the User defined Scatter
Diagram.
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The following locations are available in the scatter diagrams database:

Water depth Distance Coordinates of the

N. Location Mean Puave range to shore wave buoy
1 DK — Nissum Bredning 0.2 kW/m 3to5m 0.2 km
55°28.909 N,
2 DK —Horns Rev [HR 1] 6 kW/m 10 m 14 km 07°79.974 E
3 DK — Hanstholm DanWEC 7 kW/m 17 m 1.3 km 5875183 é\l
4 DK — North Sea, Point 2 12 kW/m 31m 100 km
5 DK — North Sea, Point 3 16 kW/m 39 m 150 km
6 France — SEM-REV 16 kW/m 35m 15 km
7 France — Yeu Island 26 kW/m
47.84° N
8 France — Ifremer 27 kW/m 50 m 10 km 4.83° W
53.228°N
9 Ireland — Galway Bay 2.4 kW/m 21-24 m 2.5 km 9.266°W
6.5-10.5 54°N
10 lIreland — Belmullet 71 kW/m 50-100 m km 12°W
. 39°54’N
11 Portugal — Pilot Zone 25 kW/m 30-90 m 20 km 9°06'W
12  Portugal — Offshore Lisbon 36 kW/m 39°N
& 12°W
13  Spain — BIMEP 21 kW/m 50-90 m 1.7 km
14 Spain — PLOCAN 8 kW/m 40 m
15 UK-EMEC 21 kW/m 12-50 m 1-2 km
. 53°40’30"” N
16 UK - Pentland Firth 7 kW/m 62 m 2.4 km 03°16'4""W
17 UK-Wave Hub 16 kW/m 50-60 m 16 km
18 USA —Humboldt Bay (CA) 26 kW/m 70 m 5 km

19 User defined

The locations available in the LiftWEC LCOE Calculation Tool cover a wide range of sites.
Although some of them have the same mean wave power, it is very important to note the
different sea states and environmental conditions they encompass. Additionally, some sites
are preferred and recommended at certain development stages than others.

With regard to Denmark: Nissum Bredning is located on the western part of Jutland and is an
inlet area with water depths between 3 to 5 meters (Frigaard and Kofoed, 2004). Horns Rev,
also located in western Denmark at 10 meter water depths, is the site of a 180 MW offshore
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wind farm (Soerensen et al., 2005). Hanstholm hosts the established Danish Wave Energy
Centre (DanWEC) (Margheritini, 2012); it faces the Danish North Sea and comprises
intermediate to deep waters. Lastly, there are two reference locations in the Danish North Sea,
Point 2 and Point 3, located 100 and 150 km offshore, respectively (Ramboll, 1999).

JUK-EMEC 4

DK - NissuT Bredning

Ireland - Belmullet DK - NorthiSea, Point @Bk = North Sea, Point!3

Ireland - Galway Bay. &

QUK - Wave Hub

FAEIET = SAHR ZY IJFrance - Yeu'lsland

&Spain - BIMEP

Portugal —‘F‘\Iot Zone)
JPortugal -'Offsho

Sl o ' : = -
" Dera 810, NOAA, U8, Newy, NGA, GEBCO
lmzge Landser
limegs [BCAO

DK - Hansth%Irm DanWEC

&DK - Nissum Bredning

DK - Ho‘rns Rev.
&bk - North Sea, Point 3

<

P § \
DK - NorthiSea, Point 2 4

{ Image Landsat:

: o 6, oAU Navy NGA{GEBCO! GOOSIC earth
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Galway Bay and Belmullet are two reference locations in the Irish Wave Energy Programme
(SEAI, 2022), (HMRC, 2003). Galway Bay is an inlet sea (water depths of 22 m) generally
conceived as a test area for small-scale prototypes (Nielsen and Pontes, 2010), and Belmullet
represents a location with high wave potential (50 to 100 m water depths) normally more
suitable for full-scale testing or commercial operation of WECs.

JUK - EMEC

dlreland - Belmullet

dlreland - Galway Bay

;UK - Wave Hub

Image Landsat:

Google earth

DatalSIO, NOAA, U'S: Navy, NGA GEBCO

EMEC is the European Maritime Energy Centre established on the Orkney Islands. The scatter
diagram corresponds to 50 m water depths (Nielsen and Pontes, 2010). Data of EMEC is
complemented by data from the Pentland Firth. Data for Wave Hub has been downloaded
from the SOWFIA database. It corresponds to wave buoy data measured in the period
2012/02/10 15:00:00 - 2013/04/11 15:00:00.

‘Wave buoy,
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In France, SEM-REV has been established as test site for WECs (SEM-REV, 2022). Yeu Island is
located south of the SEM-REV. Wave data for the latter corresponds to measurements from a
wave buoy available (not anymore) at the CANDHIS database. Babarit et al. (2006) carried out
a study on the wave and wind conditions at Yeu Island.

France - IFREMER

dFrance - SEM-REV

France- Yeu Island &

4

Google gariH
C

The site defined for the LiftWEC project using the Ifremer database has been named as France
— Ifremer. Open access hindcast wave climate exist through the database HOMERE developed
by the French research institution IFREMER. More details on the database can be found in
(Boudiere et al, 2013). The site considered is south-west of Brittany (47.84° N, 4.83° W) as
shown in the figure above. From the HOMERE database, it is possible to quantify the wave
climate for the 2001-2010 period in terms of a scatter diagram, which is included as an
available location to carry out the calculations.

At the site mean water level is of 50 metres, and the average tidal range for the site is 2.0
metres. Maximum marine currents are of 0.1 m/s, and seabed conditions and sandy seabed.
The closest onshore electrical connection is at about 10 km. A port suitable for service vessels
is 20 km from the deployment site and a port suitable for installation vessels is 50 km from the
deployment site.

The Pilot Zone in Portugal has been set up as a test site for WECs (water depths between 30
and 90 m) and the offshore location represents a more energetic wave site (Nielsen and
Pontes, 2010).

BIMEP test site is located in the Cantabrian Sea, north of Spain. Data has been obtained from
(Nielsen and Pontes, 2010).
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PLOCAN test site is located in the Canary Islands, east of Gran Canaria.

*

-

The Tool also offers one location in USA on the west coast. Humboldt Bay in northern
California was chosen by the US Department of Energy to assess the economic feasibility of
wave energy converters (La Bonte et al., 2013). NREL (2022) provides a wave resource library
that includes resource data for a few locations in the United States.
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The user can also enter a scatter diagram by choosing the option User defined scatter diagram.
In the sheet named Scatter Diagrams_T02 the user must fill-in the new scatter diagram. It has
to be defined in terms of Hmo and Toz (19 intervals for Hmo and 17 intervals for Toz), and in hours
per year of occurrence of each sea state.

The MARENDATA platform (2022) provides a database of wave data, including the data that
was available in the SOWFIA project.

According to IEC standards (IEC/TS, 2011) a scatter diagram should be defined by the
parameters Hmo and T. (the energy period). The LiftWEC LCOE Tool is based on scatter
diagrams defined in terms of Hmo and To2 (When needed in the calculations, it is assumed that
Hmo=H5 and T02=Tz).

Only when needed, it is also assumed that there is a constant relationship for all locations and
along the scatter diagram between To; and Te, or To; and T,, defined by:

T02=T.*0.49/0.577
T02=Tp/1.5
(true for a parameterised JONSWAP spectrum with y=3.3 (average in the North Sea).

The mean wave power at each location, independently on whether it corresponds to deep or
shallow waters, has been calculated according to (Nielsen, 1999):

Pyave (KW /m) = 0.577 - H2,0 - To
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4.2 STANDARD SEA STATES
The sea states are used when the WEC’s performance is known in 5 or 6 sea states.

The following locations are available in the sea states database:

. Water Distanceto  Coordinates of the
Location Mean Pwave

N. depth range shore wave buoy

1 DK- North Sea, Point 3 16 kW/m 39m 150 km

2 DK-—North Sea, Point 2 12 kW/m 31m 100 km

3 DK-Hanstholm DanWEC 7 kW/m 17 m 1.3 km 587'51830 EN
55°28.909 N,

4 DK-Horns Rev [HR ] 6 kW/m 10 m 14 km 07°79.974

5 UK-EMEC 21 kW/m 12-50 m 1-2 km

6  User defined sea state

2UK- EMEC

®
®

|

DK - Hanstho‘lm DanWEC

DK - N(ssun"\ Bredning

P {
Dk - North Sea, Point 3 & 2 DK - Horns'Rev.

9 DK - North Sea, Point2 ¢ o
Google earth

The user can enter his own sea states by choosing the option User defined sea states. Then, in
the sheet named “Sea states”, the user must fill in the new sea states by including:

- Mean wave power of each sea state

- Hours per year of occurrence of each sea state
- Hmo that defines each sea state

- To2 that defines each sea state

There can be up to six sea states. The more sea states used, the more accurately the WEC's
performance can be estimated.

Pecher (2012) proposes a way to define sea states for different locations. The calculation is
based on a collection of bins having a maximum range of Hmo and Te.
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5 UNCERTAINTIES

5.1 EVALUATION OF UNCERTAINTIES

It is important to understand there are uncertainties in all data handled by the LiftWEC LCOE
Calculation Tool and, therefore, also in the output economic assessment. The uncertainties in
the input data are brought by the following parameters:

- By the errors in the final Annual Energy Production value, which is calculated from the
power matrix, the performance in the standard sea states, or has been input as a
single final value.

- By the errors of the scatter diagrams, when the power performance is stated as Power
matrix, or of the sea states, when power performance is stated as Standard Sea States.
Also, some errors are added when recalculating the power matrix to fit the chosen
wave climate.

- By the uncertainties on the main dimensions (concept design, i.e. amount of material),
performance of the WEC and the PTO.

- By the inherent uncertainties in the cost estimates of the different components and
cost centres.

In order to evaluate the cost assessment uncertainties, the Tool provides an estimation of the
overall uncertainty of the output results. This value is given in percentage and covers an
interval.

Table 5.1. Cost assessment uncertainty estimates for two different evaluations: simplified analysis and preliminary
analysis (Previsic, 2013).

Uncertainty intervals Uncertainty intervals

Development Phase o o
(simplified cost assessment) (preliminary cost assessment)

Phase1/TRL1,2 and 3 -30 to 80% -30 to 50%
Phase2 /TRL4 -30 to 30% -25to 30%
Phase 3 /TRL5 and 6 -25 to 30% -20 to 20%
Phase 4 /TRL7 and 8 -20to 20% -15t0 15%
Phase 5/ TRL9 -15 to 15% -10 to 10%

The default uncertainty values provided by the Tool are presented in Table 5.1, and have been
estimated by Previsic (2013). They depend on the development phase or Technology
Readiness Level (TRL) of the Single WEC (a detailed description of development phases and
TRLs is provided in Section 6.2), and on whether Power performance is known as standard sea
states, as a power matrix or as a single value:

- If Power performance is known as standard sea states, the uncertainties related to a
Simplified analysis are chosen.

- If Power performance is known as a power matrix, the uncertainties related to a
Preliminary Analysis are chosen. These uncertainties intervals are smaller than for the
Simplified Analysis.
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- If Power performance is known as a single value, the uncertainties related to a
Simplified analysis are chosen.

5.2 WEC DEVELOPMENT STAGES

The development of a wave energy converter consists of different phases or stages, which
cover from the initial concept to the industrial commercialisation. Depending on the country,
the industry or the research institute of focus, these development phases may differ
(Fernandez Chozas, 2013).

The LiftWEC LCOE Calculation Tool considers two different ways of evaluating the
development stage of a technology:

a) The five Development phases, also known as Stages, and

b) The nine Technology Readiness Levels (TRLs)

The figure below relates the five development stages with TRLs.

TRL 1-3

PHASE 1

Validation

Array Interaction

| [V
Bl
\! "MATICAL MODE]

PRODUCTION
(<20kW)

PHASE :
Demonstration oE 4 fag PHASE 3
TRL 9 f N : Process
TRL 5-6

Overview of the five-phase WEC development protocol and TRLs supported by the Equimar project.
Lambda (M) indicates the scale of the WEC model or WEC prototype. O&M stands for Operation and
Maintenance. The WECs illustrated are (clock-wise direction, starting from Stage 1): Wave Dragon at
HMRC (Ireland), OE Buoy at Galway Bay (Ireland), Wavebob also at Galway Bay, Archimedes Wave Swing
at Agugadoura (Portugal) and Pelamis, also at Agugadoura (Holmes, 2010).
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5.2.1 The Five development phases

The 5 development phases of a WEC were agreed by the EquiMar consortium (Ingram et al.,
2011) and long time before by the Danish Wave Energy programme (Kofoed and Frigaard,
2009). These are the following:

- Phase 1: Model Validation — Lab testing

- Phase 2: Model Design — Lab testing

- Phase 3: Initial sea trials — Sea trials at a reduced prototype scale

- Phase 4: Prototype Validation — Medium or full-scale prototype sea trials
- Phase 5: Prototype Demonstration — Full-scale or arrays sea trials

The first two phases correspond to laboratory testing, and the third to the fifth correspond to
sea trials at a reduced prototype scale, at medium or full-scale, and at full-scale, respectively.
The LiftWEC configurations are currently in Phase 1 / 2 of their development.

The user must select the Development phase of the Single WEC.

The recently published document by the OES “An international evaluation and guidance
framework for ocean energy technology” (Hodges et al., 2021) also breaks the development
process into six stages, from concept creation to commercialization. The six stages reflect the
five stages agreed by the sector, with the addition of a Stage 0 (Concept Creation) to provide
details of very early stage evaluations. The Evaluation and Guidance Framework defines the
word Stages as “Defined periods of the development process, aligned with phases of funding
and decision points. Alternative terminology: Phases.”

Concept creation STAGE

1 &

STAGE Concept development

4 u
1 I
N )

Design optimisation STAGE
STAGE Scaled demonstration
Commercial-scale STAGE ,””T"f
single device demonstration @ {C:i?'
|
|

Commercial-scale
STAGE array demonstration
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The following Table also relates the Stages to the 9 Technology Readiness Levels, and the
“Early”, “Mid” and “Late” stages of technical development, which some investors use to run
calls of investments.

@ Stage O Concept creation 1
" Early (1-3)
7 Analytical
@ Stagel Concept development and numerical
5 maodels
ﬁ Stage 2 Design optimisation 4
AL g gn op Mid (3-6)
Experimental

5 tests in controlled

1 Stage 3 Scaled demonstration G environment

Stage & Commercial-scale single device demonstration
8 Late (6-9)
Experimental tests
5 . . in representative
e :9 Stage 5 Commercial-scale array demonstration 9 environment

5.2.2 Technology Readiness Levels or TRLs
By definition, a TRL indicates the commercial ability of a technology. There are nine TRLs:

e TRL 1 - Basic principles observed

e TRL 2 —Technology concept formulated

e TRL3 - Experimental proof of concept

e TRL4 -Technology validated in Lab

e TRL5—Technology validated in relevant environment

e TRL6 — Technology demonstrated in relevant environment

e TRL7 — System prototype demonstration in operational environment
e TRL8 - System complete and qualified

e TRL9 — Actual system proven in operational environment

NASA’s Technology Readiness Levels (TRLs) were used in aviation, space and defence to
manage the development of high risk, novel and complex technologies (NASA, 2013). It was
conceived as a high-level method to determine how advanced or ‘ready’ a technology was for
use in an application (Hodger et al., 2021). Few years ago this development schedule was re-
introduced by utilities to assess the development stage of a WEC (Fitzgerald and Bollund,
2012); and since then it has been largely used by the European Commission and funding
agencies to assist in the technological assessment.

To the author knowledge, the latest TRL definitions specifically for the Ocean Energy sector
have been developed by Magagna et al., (2018). The LiftWEC concepts are currently at
considered to be at between TRL 3 and TRL 4.
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5.3 SELECTION OF UNCERTAINTIES, DEVELOPMENT PHASE AND TRL

The selection table in the Tool looks as shown in the following figure. In this example, the Tool
displays as default values Phase 1 and TRL 4, and the corresponding uncertainty for Phase 1
and the Simplified cost assessment. This is because power performance has been provided as a
single Annual Energy Production value. The corresponding interval for the Uncertainty is hence
[-30% to 80%]. The user has the opportunity to input his owns uncertainty interval.

Default Enter Used
Project lifetime 25 25 years
WEC Development phase (1 to 5 phase) Phase 1: Model validation
WEC Technology Readiness Level (TRL 1 to 9) TRL 4: Large-scale laboratory verification
Related uncertainty to LCOE -30 to 80% -30 to 80% uncertainty

Figure 5.3a WEC Development phase, TRL and Uncertainty interval for the Single WEC.

WEC Development phase (Figure 6.3b) shall be selected, and then the WEC TRL level (Figure
6.3c) by selecting both of them from drop-down menus.

Default Enter Used
Project lifetime 25 25 years
WEC Development phase (1 to 5 phase) Phase 1. Model validation =
Model validation
WEC Technology Readiness Level (TRL 1 fo 9) Phase 2: Model design

Phase 3: Initial sea trials

. Phase 4: Prototype validation
Related uncertainty fo LCOE Phase 5: Prototype demonstration

Figure 5.3b Selection of WEC Development phase from a drop-down menu. Single WEC.

The TRL levels displayed depend on the development phase selected. For example, in Figure
5.3c only the TRL levels corresponding to Phase 1 are shown (i.e. TRL 1, TRL 2 and TRL 3).

Default Enter Used
Project lifetime 25 25 years
WEC Development phase (1 to 5 phase) Phase 1. Model validation
WEC Technology Readiness Level (TRL 1 to 9) TRL 3: Small-scale laboratory verification -
Related uncertainty to LCOE TR 5 pomterronet o oo "

TRL 3: Small-scale laboratory verification

Figure 5.3c. Selection of WEC Technology readiness Level from a drop-down menu. Single WEC.

As explained before, in order to evaluate the cost assessment uncertainties, the Tool provides
an estimation of the overall uncertainty of the output results. For example, Figure 5.3d
indicates that the Single WEC being assessed is in Phase 2, TRL 4, and the output data provided
in the Economic Assessment is estimated to have an uncertainty in the range [-25% to 30%],
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which, for the LCOE calculated for a 5% discount rate, translates into an LCOE estimate in the
range of 162 to 281 EUR/MWh, with an average value of 216 EUR/MWHh.

Economic Assessment for LiftWEC Concept 1

Currency EUR Development stage: Phase 1/ TRL 3 [-30 to 80%] Uncertainty
Total CAPEX 1,88 MEUR [CAPEX / MW] 3,8 MEUR/MW
Annual OPEX 137 kEUR/year [annual OPEX / CAPEX] 7%
Discount rate 0% 3,5% 5,0%
LCOE (25 years, in EUR/MWh) 170 201 216

Figure 5.3d. Example of Economic Assessment for Lift WEC Concept 1.
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6 OUTPUT — ECONOMIC ASSESSMENT

6.1 OUTPUT TABLES

The output of the LiftWEC LCOE Calculation Tool
and of the Wave Energy Farm at the selected
parameters:

- WEC development stage (e.g. TRL) and unc
Total CAPEX
Annual OPEX
[CAPEX per MW], in units of cost per install

[Annual OPEX per CAPEX], as a percentage.

produced e.g. EUR/MWHh.

Economic Assessment for LiftWEC Concept 1

Currency EUR

Development stage: Phase 1/ TRL 3

is an economic evaluation of the Single WEC
wave climate, which includes the following

ertainty related to the data (in percentage)

ed unit of power e.g. MEUR/MW.

LCOE (calculated for three different discount rates), in units of cost per unit of energy

[-30 to 80%] Uncertainty

Total CAPEX 1,88 MEUR

Annual OPEX

Discount rate

137 kEUR/year [annual OPEX / CAPEX]

[CAPEX / MW] 3,8 MEURMW

T%

0% 3,5% 5,0%

LCOE (25 years, in EUR/MWh) 1

70 201 216

Figure 6.1.a. Economic Assessment for Lift WEC Concept 1.

Economic Assessment Development stage: Phase

Single WEC: LiftWEC Concept 1

1/ TRL 3 [-30 to 80%] Uncertainty

Array: Floating LiftWEC Array

CAPEX 1,88 MEUR
Annual OPEX

[annual OPEX / CAPEX]

137 kEUR/year
7%

[CAPEX per MW] 3,8 MEUR/MW
Single WEC LCOE (r=5%) 216 EUR/MWh

Figure 6.1.b. Economic Assessment for the Wave Energy

Array Total CAPEX with contingencies 37 MEUR
Annual Operational Expenditures (OPEX) 2 MEUR/year
[annual OPEX / CAPEX] 7%

[CAPEX per MW] 3,7 MEUR/MW
Array LCOE (r=5%) 214 EUR/MWh

Farm (Floating LiftWEC Array), including the output

economic parameters for the Single WEC (Lift WEC Concept 1) on the left hand side.

The comparison of Figures 6a and 6b indicates that the LCOE for the Array is similar to the

LCOE of the Single WEC. It shall be noted that th

ere are three default parameters in the Tool

which influences the Array LCOE relatively to the LCOE of the Single WEC:

Approximate Percentual Energy Loss row after row — with a default value of 2%. Due to

expected shadows effect in the array, the total Array annual Energy production is lower
than the Single WEC Annual Energy production multiplied by the Number of WECs. In
relative terms, this parameter influences the Array LCOE to be higher than the LCOE of

the Single WEC.
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- The electrical connections (including installation), which amounts to zero for the Single
WEC, have a positive value for the array. In relative terms, this parameter influences the
Array LCOE to be higher than the LCOE of the Single WEC.

- There is a 10% discount applied to most of the cost centres in CAPEX for the Wave
Energy Array compared to the costs of the Single WEC. This discount rate is meant to
consider the reduction in cost due to economies of scale. In relative terms, this
parameter influences the Array LCOE to be lower than the LCOE of the Single WEC.

6.2 CURRENCY
The user must select two currencies, although both can be the same.

One is used to define the cost of each component and cost centre (Figure 3.4), and the other
one is used for the economic assessment (Figure 6.1.a).

There are four different currencies which the user can select: Danish Krone (DKK, kr), Euros
(EUR, €), British Sterling (GBP, £) and US Dollars (USD, $).

The exchange rates used in the Tool are the following, corresponding to the average exchange
rate value in year 2021.

Table 6.2: Exchange rates used in the Lift WEC LCOE Calculation Tool (updated based on average 2021 values).

Currency Symbol Exchange rate to EUR
DKK kr 7.437
EUR € 1
uUsD S 1.183
GBP f 0.8599

6.3 [CAPEX PeErR MW] AND [ANNUAL OPEX PER CAPEX]

The two parameters [CAPEX per MW], in units of cost per installed unit of power e.g.
MEUR/MW, and [Annual OPEX per CAPEX], in percentage; are mostly used to economically
compare technologies or concepts of the same technology in development.

To understand the typical orders of magnitude for both (Tables 6.3a and 6.3.b), the present
document quotes recently published values (Cochrane et al., 2021):

Table 6.3a: CAPEX inputs for European and Global SET Plan scenario modelling for wave deployments (MEUR/MW),
(Tsiropoulos et al., 2018).

Year 2020 2025 2030 2035 2040 2045 2050
CAPEX (EUR/MW) 5.6 3.3 2.5 1.6 1.5 1.4 1.3

Table 6.3b: OPEX inputs for European and Global SET Plan modelling as a percentage of CAPEX (JRC, 2018).

Year 2020 2025 2030 2035 2040 2045 2050
Annual OPEX (%) 6% 5% 4.5% 4.5% 4.5% 4% 4%
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6.4 DISCOUNT RATE
The discount rate is represented by r, and has percentage units.

The tool has two default discount rates: 0% and 3.5%. By using a 0% discount rate, the
variation of money value in time is not taken into account.

The suggested discount rate of 3.5% derives from the recent recommendations stated by
Cochrane et al. (2021), which references (HM Treasury, 2018).

A third discount rate can be entered by the user at the Single WEC sheet, and will be the
discount rate used to calculate the LCOE for the Wave Energy Farm.

A constant discount rate is assumed along the project lifetime. This parameter is used to
calculate the LCOE.

6.5 COE AND LCOE (LEVELISED COST OF ENERGY) OF WECs

The Cost of Energy (COE) parameter shows the cost of each unit of energy produced by a WEC
throughout its lifetime. Its value depends on the capital expenditures (CAPEX), the operational
expenditures (OPEX), the Annual Energy Production (AEP) of the WEC at a certain location, and
the WEC lifetime.

The COE is used to assess WEC’s economic feasibility throughout the various development
stages. It is widely used as a driving or supporting number to justify the selection between
technical alternatives, as well as to answer the question “which WEC is the best” or even
“which form of electricity generation is the best”.

It is defined as follows where the WEC's lifetime, in years, is indicated by n.

CAPEX + ¥, OPEX,

COE =
1, Annual Eenergy Production;

Often, the COE is calculated as a Levelised Cost of Energy (LCOE). The difference between the
COE and the LCOE is that the latter takes into account the variation in time of the money value,
which is represented by the discount rate r.

OPEX
n t
CAPEX + L1 (4 1y

._AED,
=171 + r)t

If the discount rate is equal to 0%, the LCOE and the COE will lead to the same value.

LCOE =

The LCOE is calculated following the parametric cost model (also known as cost-function)
defined in Deliverable 8.2 “Parametric Cost Model” (Tétu and Fernandez Chozas, 2021). It
represents WEC costs in present value divided by the AEP also in present value, and
corresponds to the following formula:
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OPEX, (t)
Cosc + Coro + Ceron + 1.77Cinse + LiLy ey + Ly Control; + Xty <3¢
LCoE =
N AEParray (t)
S

where Cpgc stands for Development and consenting costs, Cpro stands for Power Take-off
system costs, Cg;con Stands for Electrical connection costs, Cp,s Stands for Installation and
commissioning costs; c; is the cost of material i, m; is the mass of material i, N is the total
number of materials constituting the WEC, M is the total number of control systems and
Control; is the cost associated with the type j of control (instrumentation and control). In the
equation y represents the discount rate.

To make the LCOE calculations, the Tool uses the Excel formula PV (Present value), which
returns the present value of an investment: the total amount which a series of total payments
is worth now, in the present. The Tool calculates the PV of the estimates of annual OPEX, in the
numerator, and the PV of the estimates of AEP in the denominator, both for a given discount
rate and for the project lifetime. Then, the LCOE is calculated by multiplying Total CAPEX by
the PV (OPEX) and by dividing this with the PV (AEP).

The European Commission has recently published its climate targets for years 2030 and 2050
(European Commission, 2020). The goals for 2030 include an EU offshore wind energy capacity
of 60 GW and an ocean energy capacity (including wave and tidal energy) of 1 GW. The targets
for 2050 are installing 300 GW of offshore wind and 40 GW of wave and tidal energy. The
economic targets are set by the European strategic energy technology plan (SET-Plan)
declaration of intent for ocean energy (European Commission, 2016). Here it is indicated that
wave energy technologies are expected to reach an LCOE of 200 EUR/MWh in 2025, of 150
EUR/MWh in 2030 and of 100 EUR/MWh in 2035 (export infrastructure costs or the costs for
delivering the electricity to onshore substations are taken into account within the LCOE).

Current practices in the sector are that technologies are benchmarked against these expected
values.

In a recently published report addressing Evaluation and Guidance for Ocean Energy
Technologies, published by the Ocean Energy Systems (OES), nine evaluation areas are
proposed (Hodges et al., 2021). The Evaluation Criteria Affordability has been defined as one of
the nice areas, where:

“Evaluation of Affordability relates to the cost of electricity generated from the
wave or tidal stream resource, relative to the market rate for electricity”.

According to the scope of the Evaluation and Guidance Framework “Affordability represents
the key Evaluation Area [...], with all other Evaluation Areas acting as inputs to it”. This is
represented in the following figure, where the eight areas in green are providing input to the
ninth area, Affordability, in orange.

As Hodges et al. (2021) detail, the evaluation of Affordability provides:

-  “Calculation of a baseline LCOE from which the Affordability impact of individual
innovations (e.qg. subsystems) can be evaluated.

- An opportunity to explain how the characteristics of an innovative technology challenge or
modify the typical values or assumptions, leading to further critical evaluation of the
technology’s Affordability credentials”
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The affordability concept and its subsequent elements are clearly reflected in the selection of
criteria for the “Selection tool” that will help the LiftWEC Consortium to discriminate between
the potential concepts, as described in Del2.2 Identification of evaluation criteria (Pascal et al,
2020). However, the Selection tool is focused on providing a relative evaluation of the LiftWEC
concepts with respect to each other, and not to provide an absolute evaluation of the viability
of the LiftWEC concept within the complete marine energy sector. This is part of the LiftWEC
LCOE economic assessment as detailed here.

POWER
AFFORDABILITY CONVERSION

1503
X

MANUFACTURABILITY 0 . CONTROLLABILITY

EVALUATION
AREAS

o &

INSTALLABILITY RELIABILITY

MAINTAINABILITY SURVIVABILITY

Figure 6.5. The Nine evaluation areas included in the Evaluation and Guidance Framework (Hodger et al., 2021).
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7.1 PERFORMANCE ASSESSMENT TABLES

The LiftWEC LCOE Calculation Tool also provides some output parameters that could serve as a
performance assessment for the Single WEC or the Wave Energy Farm in study. It includes the

following parameters:

- WEC/ Array rated power

- Annual Energy Production (AEP)

- Capacity factor (Cy)

- Average annual electricity production
- Average annual capture width

- Average annual capture width ratio

Performance Assessment for LiftWEC Concept 1

WEC rated power 500 kW
Annual Energy Production (AEP) 1250 MWh/y
Capacity factor (C;) 29%
Average annual electricity production 143 kW
Average annual Capture width 3,96 m
Average annual Capture width ratio 13,2%

Figure 7a: Performance assessment for Lift WEC Concept 1.

Performance Assessment - Floating LiftWEC Array

Total array capacity 10,0 MW
Annual Energy Production (AEP) 23,71 GWhly
Capacity factor (C;) 27%
Average annual electricity production 2.7 MW
average annual Array Capture width 100,2 m
average annual Capture width ratio 16,7%

Figure 7b: Performance assessment for Floating Lift WEC Array with 20 WECs.

7.2 WEC / ARRAY RATED POWER

Single WEC rated power or the Total Array Capacity will be shown. This parameter corresponds
to the rated power of the Single WEC / wave energy farm, i.e. the maximum average power

that the WEC(s) can produce.

7.3 CAPACITY FACTOR
The capacity factor is calculated by the following formula:
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1000 * Annual Energy Production (MWh/y)
Rated power generator (kW) x (24 * 365.25) (h/y)

Capacity factor (Cf) =

7.4 AVERAGE ANNUAL ELECTRICITY PRODUCTION
It is calculated by the following formula:

Average Annual Electricity Production (kW)

1000 * Annual Energy Production (MWh)

(24 * 365.25) (h/y)

7.5 AVERAGE ANNUAL CAPTURE WIDTH

The Capture width (in units of length, i.e. meters) is the ratio of the mean absorbed power to
the incident wave power resource. It can be interpreted as the length of wave front which has
been absorbed by the WEC.

In the Tool the mean absorbed power (MWh/y) is calculated by dividing the Annual Energy
Production (MWh/y) by the PTO average efficiency (considered constant for all sea states)
times the Generator average efficiency.

Average annual Capture width (m) =
MWh

)

PTO average ef ficiency * Generator average ef ficiency
Mean Pwave (kW /m) * (24 * 365.25) (h/y)

Annual Energy Production (

1000 =*

7.6 AVERAGE ANNUAL CAPTURE WIDTH RATIO

Capture width ratio (in percentage) is the ratio of the capture width to the typical length of the
device. It is calculated either by dividing the Average annual Capture width by the Main active
dimension. It serves as an indication of the hydrodynamic efficiency of the WEC.

Babarit (2011) published a summary of the typical Capture width ratios for different
technologies. Most of the results are from published literature, and they derive from
experiments or numerical modelling.

Category Sub category Min(zn,) Average(7n,) Max(7,)
OowCcC 6% 23% 34%
Overtopping 2% 9.5% 23%
devices
Wave activated Heaving 1% 15% 39%
bodies
Pitching 8% 28.5% 60%
Surging/heavi 12% 18% 31%
ng/pitching
Yawing 5% 6% 7%
Others 2% 3% 1%

Pecher (2012) also provides a summary table for the different types of WECs where the stated
performances of 30 WECs, obtained through tank testing or sea trials, in literature, are
presented.
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8 SUMMARY PAGES: SINGLE WEC AND WAVE ENERGY FARM

The following two output summary reports are provided by the Tool. They are intended to be
printed and or copy/pasted into relevant reports (i.e. dedicated to the funding authority). A
summary page is provided for the Single WEC, and another one for the Array or Wave Energy
Farm.

A picture can be inserted in the two sheets by using the Insert = Picture capability of Excel:

@1 d 9 The COE Calcualtion Tool for WECs. version 2 - 04.02.2022 - Microsoft Excel
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- - This project has received funding from the European Union's Horizon 2020 research and
LiftWEC LCOE Calculation Tool « iNMOVETion programme under grant agreement Mo 851885 - The LiftWEG Project.
JULIA F. CHOZAS The development of the COE Caleulation Teol has been previeusly funded by the Daneh
COMSULTING ENGINEER BIFARTHENT 6F EIVIL ENSINEERING funded projects The COE tool for WECs - Improvement and Dissamination” (grant
AnLEOAE MHINEREITY agreement 2013-1-12135, 2013-2014) and "Beton til Balgeenargi’ (54018-0600).

Output Summary. Economic and Performance Assessment. Single WEC - LIiftWEC Concept 1

Project summary Economic Assessment for LIfWEC Concept 1
Project name LiFtWEC Concept 1 Development stage: Phase 1! TRL 3 [-30 to 802:] Uncertainty
Deployment location Framce - [Framer Total CAPEX 188 MELR [CAPEX ! MY 3.8 MEURRAW
Power density at the location 40 kwitm Annual OPEX 137 KEURfyear (it (BB B s
Project lifetime 25 years
Dizcount rate 02 35% 5,02
Main dimensions and characteristics LCOE [25 years, in EURIMWh] 170 201 216
Main active dimension 300 m
Secondary dimension [lengthiwidth’ 120 m
Total dry weight 260 ton Performance Assessment For LIFWEL Concept 1
Station keeping tvpe Biattorn-fixed WELC rated power 500 ki Average annual electricity productii 43 kW
PTO type Direct drive Annual Energy Productiol 1250 kA Ry Average annual Capture width 40 m
PTO average efficiency a0z Capacity Factor [C,) 2954 Average annual Capture width ratio 1322
Generator rated power 800 k' '
Concept picture Breakdown of costs H Contingencies ™ Development

g% and Consenting
5%

Total CapEx 1.88 MEUR
N Developrment and Conzenting 97 kELIR

WEC Structure and Prime mave B35 KELIR

Balance of Flant 484 KELR
Cortral 11 kELUR
Inztallation & Decormmissioning 428 KELIR
Contingencies 171 KEUR
B Control
1%
Annual OpEx 137 kEURMyear
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This project has received funding from the Ewropean Union's Horizen 2020 research and
. e

LiftfWEC LCOE Calculation Tool « - under grant agrs No 81235 - The LIFtWEC Project.
JULIA F. CHOZAS The development of the COE Calculation Tool has been previously funded by the Darih

CONSULTING ENGIMEER e funded projects "The COE tool for WECs — Improvementand Dissemination” (grant
e agresment 2012-1-12135, 2013-2014) and "Beton til Balgeenergr” (54018-0600).

Summary, Array. Economic and Performance Assessment - Floating LiftWEC Array

Project summary Economic Assessment For Floating LiFtwWEC Array
Project name Floating LIFtWEC Array Development stage: Phase 11 TRL 3 [-30 to 8022] Uncertainty
Deployment location Ifrermer, France Total CAPEX 36.95 MELR
Power density at the location 30 kwim Annual OPEX 2 MEURear
Project lifetime 29 years [CAPEX | MW] 3.7 MELRMY
[annual OPEX ! CAPEX] F
Main characteristics of the Array Array LCOE [r=52%) 214 EURIMwh
Total number of WECs 20 WECs
Mumber of rows in the array 4 rows
Mumber of WEC= per row 5 WECsrow FPerformance Assessment for Floating LiFtWELC Array
Station keeping type Battorn-fixed Total array capacity 10 kel Average annual electricity productic 2.7 bl
Distance between WECs in the zame row 20 m Annual Energy Productiol 24 GEwhiy average annual Array Capture widtk 1002 m
Distance between rows 210 m Capacity Factor [C,] 27 average annual Capture width ratio 17
Distance off. substation to onshore conn. pc 0 ke
Array layout - Picture Breakdown of costs, Array ™ Contingencies ® Development

and Consenting

Total CAPEX 36.9 MEUR >
Development and Conzenting 1.9 MELR

i s WEC Structure and Prime move 12,5 MEUR

e Balance of Plant 113 MELR
Cortral 0.2 MELR

T k Inztall ation & Decornmissioning 7.8 MELR
Cortingencies 3.4 MELR

_.“ = Contral

Annual OPEX 137 kEURMyear 1%
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10 ANNEX A — CALCULATION STEPS FOR POWER MATRIX

Matrix B: Power matrix. Matrix E: Wave
Climate

Detailed power matrix by (where COE is
the user calculated)

Power matrix converted Adjust power Calculate electricity

to absorbed power (as matrix to production

% of incoming power) e selected wave

climate

A\V4

Matrix F: Power matrix as Matrix C: Matrix D:
absorbed power (at the users Recalculated Power Electricity
selected wave climate chosen I matrix - adjusted to production

to define the power matrix) wave climate (matrices E*C)

Matrix F and matrix B are defined in the same intervals of Hmo and To (i.e. intervals that the
user has chosen to define WEC’s power matrix — matrix B).

Matrix E, matrix D and matrix C are defined in the same intervals of Hno and To; (i.e. intervals of
the chosen wave climate by the user, where the COE is calculated).

10.1 DEFINING MATRICES INTERVALS
For a given average value of Hmo or Tpy, the following formulas are used to calculate the
interval range (i.e. upper and lower value) which defines that average value:

Average
From To
Hs(m) e: if[(b-a)=a; a+(b-a)/2; 2a-k]
k e a
f g b f: f=e,, h=g,, .....
h i c g, i, ... if [(b-c)=f; b+(c-b)/2; 2b-f]
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10.2 POWER MATRIX (MATRIX B) CONVERTED TO ABSORBED POWER (MATRIX F)

Matrix F shows the non-dimensional performance of the WEC (i.e. percentage of absorbed
power with respect to incoming wave power):

Power production of each bin: power matrix

Matrix F =
Energy content in each bin

The calculation to go from matrix B to matrix F depends on whether the power matrix has
been defined as absorbed power or as electrical power.

If the power matrix refers to absorbed power:

Power matrix refers to: Harvested power |

Harvested power
Electrical power

Pabs (%) = Pprod (same as matrix B) / (0.577* Hmo®> * To2 * Main Dimension)

Power production (same as in power matrix B)
0.577 * Hm0? * T02 * Main Active Dimension

Matrix F (Pabsy,) =

If the power matrix refers to electrical power: the absorbed power is calculated by dividing the
electrical power by the efficiency of the PTO multiplied by the eff. of the generator:

Power production as in power matrix B
eff.PTO x ef f.Gen.

0.577 * HmO02 * T02 * Main Active Dimension

Matrix F (Pabsy,) =

where Hmo and To; are the average values of each cell.

10.3 ADJUST POWER MATRIX TO SELECTED WAVE CLIMATE (FROM MATRIX F TO MATRIX
C)

To calculate WEC’s Annual Energy Production, the scatter diagram (defined in terms of Hmo and

To2) is multiplied by the power matrix (also defined in terms of Hmo and Toa).

Due to computational requirements, both matrices need to have the same resolution and be
defined for the same intervals of Hmo and Tos.

The resolution of both matrices is the same (19 rows for Hmno and 17 columns for Toz) but the
intervals might not be the same. In order to match the intervals, each of the bins of the power
matrix is recalculated according to the intervals of the scatter diagram. The recalculation is
done according to an interpolation (i.e. a weighted average calculation) between the closest
upper bin values and the closest lower bin values:
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Recalculation of power matrix

Ts Original T1 I T2 I T3 I T4
Ts adjusted T1n : T2n: :T3n
Hs Original Hs adjusted . f ’
| | |
H1 64% ligy a% 1 o3y 5% 1 asw
H1n | | |
I I I B
16% I 4 2% | 8% 8% ' 12%
1 T T
H2 I I |
48% [ 12% 6% | 24% 2% | 36%
- H2n L L L -
|
32% : 8% 24% : 16% 16% | 2%
H3 i 1 I
| | |
_____________ t_____'_________...__L__———

Matrix C delivers a power matrix defined for the same intervals as the chosen wave climate.

Matrix C inserts an upper and lower limit for each cell (each sea state) based on the minimum
and maximum operating conditions defined for the WEC.

To avoid that the power changes its intervals while being recalculated, the user shall enter the
power matrix exactly in the same intervals of Hmo and Toz in which the chosen wave climate is
defined.

10.4 CALCULATE ANNUAL ENERGY PRODUCTION

Annual Energy Production is calculated by multiplying the recalculated power matrix (matrix C)
by the scatter diagram of the selected location (matrix E).

This step is done in matrix D.

10.5 ANNEX B — STANDARD SEA STATES

Standardised Sea states Describing Energy in the Danish North Sea — Point 3 (Kofoed and Frigaard, 2009)

Sea states Hmo  To2 To () Energy flux Prob. occurrence Prob. occurrence

(m) (s) (kw/m) (h/y) (%)
1 1.0 4.0 5.6 2.1 4100 46.8
2 20 50 7.0 11.6 1980 22.6
3 3.0 6.0 8.4 32.0 946 10.8
4 4.0 7.0 9.8 65.6 447 5.1
5 5.0 8.0 11.2 114.0 210 2.4
6 6.0 9.0 12.6 187.0 93 1.2
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Standardised Sea states Describing Energy in the Danish North Sea — Point 2

Sea states Hmo  To2 To (s) Energy flux Prob. occurrence Prob. occurrence
(m) (s) (kw/m) (h/y) (%)
1 1.0 4.0 5.6 2.1 4170 47.6
2 20 50 7.0 11.6 1875 21.4
3 30 6.0 8.4 32.0 841 9.6
4 40 7.0 9.8 65.6 360 4.1
5 5.0 8.0 11.2 114.0 114 1.3
Standardised Sea states Describing Energy in Denmark Hanstholm (Pecher, 2012)
Energy flux Prob. occurrence Prob. occurrence
Seastates Hmo(m) Te(s) = Toz(s) (kVﬁ}lm) (h/y) (%)
1 1.01 4.93 4.26 2.49 2015 23
2 1.39 5.65 4.89 5.34 1927 22
3 1.91 6.37 5.51 11.45 1139 13
4 2.55 7.11 6.15 11.71 421 4.8
5 3.15 7.84 6.78 38.09 149 1.7

Standardised Sea states Describing Energy in Denmark - Horns Rev | (Soerensen et al., 2005)

Seastates Hmo Toz = Tp(s) Energy flux Prob. occurrence Prob. occurrence

(m) (s) (kw/m) (h/y) (%)
1 05 1.8 2.8 0.3 1956 21.3
2 1.0 3.6 5.5 2.4 3000 34.2
3 15 44 6.2 6.0 1856 21.2
4 2.0 5.1 6.9 11.8 1126 12.9
5 25 57 7.6 20.2 575 6.6
6 30 6.3 8.3 31.8 285 33
7 35 6.9 9.0 46.9 51 0.6

*Note: sea state 7 of (Soerensen et al., 2005) is not included in the LiftWEC LCOE Calculation

Tool
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Standardised Sea states Describing Energy in EMEC, UK (Pecher, 2012)

Sea states ::; Toa(s)  Tels) Er;::\rl\gl\//r::;xx Prob. t()l:;::)rrence Prob. o(t;t)xrrence
1 1.52 5.2 6.4 7.2 3942 45
2 1.72 6.8 8.3 11.9 1226 14
3 3.09 6.4 7.8 36.3 1226 14
4 3.66 7.7 9.4 61.4 964 11
5 5.18 8.3 10.1 133.4 350 4
6 5.69 9.6 11.7 186 88 1
7 7.43 10.1 12.3 332 88 1

*Note: sea state 7 of (Pecher, 2012) is not included in the LiftWEC LCOE Calculation Tool
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