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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MARINE ENERGY -
WAVE, TIDAL AND OTHER WATER CURRENT CONVERTERS -

Part 101: Wave energy resource
assessment and characterization
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FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
national electrotechnical committees (IEC National Committees). The object of IEC/is to prd
ternational co-operation on all questions concerning standardization in the electrical and-electronic field
is end and in addition to other activities, IEC publishes International Standards, Technical Specifica
bchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter” referred to as
iblication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inter
the subject dealt with may participate in this preparatory work. International, governmental and
vernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates ¢
th the International Organization for Standardization (ISO) in accordance with conditions determing
reement between the two organizations.

nsensus of opinion on the relevant subjects since each technical committee has representation fro
terested IEC National Committees.

C Publications have the form of recommendations for international use and are accepted by IEC Na
bmmittees in that sense. While all reasonable efforts are/made to ensure that the technical content o

sinterpretation by any end user.

order to promote international uniformity, IEC_National Committees undertake to apply IEC Publicg
bnsparently to the maximum extent possiblexin ‘their national and regional publications. Any diverd
etween any IEC Publication and the corresponding national or regional publication shall be clearly indica
e latter.

C itself does not provide any attestation of conformity. Independent certification bodies provide confg
sessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fo
rvices carried out by independent certification bodies.

| users should ensure that they have the latest edition of this publication.

b liability shall attach to IEC™or its directors, employees, servants or agents including individual expert
embers of its technical éemmittees and IEC National Committees for any personal injury, property damag
her damage of any, nature whatsoever, whether direct or indirect, or for costs (including legal fees
penses arising out\of the publication, use of, or reliance upon, this IEC Publication or any othe
iblications.

tention is drawn*to the Normative references cited in this publication. Use of the referenced publicatid
dispensableor the correct application of this publication.

tention-is,drawn to the possibility that some of the elements of this IEC Publication may be the subj
tent(rights. IEC shall not be held responsible for identifying any or all such patent rights.

Liblications is accurate, IEC cannot be held responsible for the way in which they are used or fof
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main _task of |[EC technical committees is to prepare International Standard

In

exceptional circumstances, a technical committee may propose the publication of a technical
specification when

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62600-101, which is a technical specification, has been prepared by IEC technical
committee 114: Marine energy — Wave, tidal and other water current converters.
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text of this technical specification is based on the following documents:
Enquiry draft Report on voting
114/145/DTS 114/154A/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.

A list of all parts in the IEC 62600 series, published under the general title Marine energy —

Wa
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relafed to the specific publication. At this date, the publication will be

o
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* G
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bl L L ) a A v 1o £ -l e Lo 1o b
, addl ariid Outricr wdalcr Ccurrcrit CUrNvericrs, Ldll DT TUOUTTU UTT U1 TEW WEUSILT.
publication has been drafted in accordance with the ISO/IEC Directives, Part 2:

committee has decided that the contents of this publication will remain un¢hanged
stability date indicated on the IEC web site under "http://webstore.iecich" in the

ransformed into an International standard,
econfirmed,

ithdrawn,

eplaced by a revised edition, or

mended.

ingual version of this publication may be issued‘at a later date.

until
data

IMP,
that

co

unTrstanding of its contentsiy(Users should therefore print this document usin

it contains colours which\'are considered to be useful for the cor

ur printer.

ORTANT - The 'colour inside' logo on the cover page of this publication indicates
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INTRODUCTION

This Technical Specification provides a uniform methodology that will ensure consistency and
accuracy in the estimation, measurement, and analysis of the wave energy resource at sites
that could be suitable for the installation of Wave Energy Converters (WECs), together with
defining a standardised methodology with which this resource can be described. The wave
energy resource is primarily defined using hydrodynamic models that are successfully
validated against measured data. This Technical Specification deals directly with the
theoretical resource and the main focus of the defined methodology is to generate the
resource information required to estimate energy production. Practical energy production can

then

be estimated in conjunction with other Technical Specifications in this series

(IEC

TS 6

This
anal
actiy

is also provided. Application by all parties of the methodologies recommended in
ment will ensure that continuing resource assessment of potential(development sit¢s is

docl
undg
tech
repli

The
parti
pres|

mor¢ data is collected and experience with Wave Epérgy Converters develops.

2600), and by considering available technology and external constraints.

Technical Specification provides guidance relating to the measurement, mode
ysis and reporting of the wave energy resource, and the linkages between t
ities. A framework for estimating the uncertainty of the wave energy resource estim

rtaken in a consistent and accurate manner. This Technical_-Specification pres
hiques that are expected to provide fair and suitably accurate results that car
cated by others.

development of the wave power industry is at an early”stage and the significang
cular wave energy resource characteristics is poorly,'understood. Because of this
ent document is designated as a Technical Specification and will be subject to chang

ling,
nese
ates

this

ents
be

e of
the
e as

d to

pply

This| Technical Specification, when used in conjunction with other Technical Specificatiofs in
this series (IEC TS 62600), is intended for several types of users, including but not limitg
the following:
e Hroject developers — income, returnn investment
o [Device developers — performance of device
o Utilities/investors — reliabilityfpredictability of supply, return on investment,
e FRolicy-makers/Planners! = usage of seascape, optimisation of resource, power su
[

e (

psues

fonsultants to produce resource data/due diligence — compatible/readable data format

The
und
of t
tech

report required by this Technical Specification is highly technical and may be difficy
rstand fof,some intended users. It is recommended that a short (2 to 4 pages) sum
e key fihdings of the resource assessment is also produced, converting some of the

It to
ary
ore

hical-language into information that could be readily understood by a non-technical user.
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MARINE ENERGY -
WAVE, TIDAL AND OTHER WATER CURRENT CONVERTERS -

Part 101: Wave energy resource
assessment and characterization

cape

This|
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appl
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100
calc
cong
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sucd
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and
the

data

of a

2

The

part of IEC 62600, which is a Technical Specification, establishes a system
nating, analysing and reporting the wave energy resource at sites potentially-suitabl
nstallation of Wave Energy Converters (WECs). This Technical Specification is t
ed at all stages of site assessment (from initial investigations to detailed™“project des
in conjunction with the IEC Technical Specification on WEC performance (IEC TS 62
enables an estimate of the annual energy production of a WEC(or WEC array t
Ilated. This Technical Specification is not intended for estimation of extreme V
itions.

wave energy resource is primarily defined using hydfodynamic models that

for
e for
b be
5ign)
600-
D be
vave

are

essfully validated against measurements. The framewodrk”and methodologies prescifibed

is Technical Specification are intended to ensure that only adequate models are u
that they are applied in an appropriate manner tolensure confidence and consisten
reported results. Moreover, the document presecribes methods for analysing meto

sed,
Ly in
cean

(including the data generated by modelling) in order to properly quantify and charactgrize
the femporal and spatial attributes of the wave energy resource, and for reporting the re

resource assessment in a comprehensive,and consistent manner.

Normative references

following documents, in wholé&.or in part, are normatively referenced in this document

are |ndispensable for its application. For dated references, only the edition cited applies

und4d
ame

IEC
Part

ted references, the ~latest edition of the referenced document (including
hdments) applies.

TS 61600-100,\Marine energy — Wave, tidal and other water current converte
100: Electricity~producing wave energy converters — Power performance assessment

ISONEC Guide*98-3:2008, Guide to the expression of uncertainty of measurement

ASM

E«20-2009, Standard for Verification and Validation in Computational Fluid Dynamics

Hea

sults

and
For
any

s —

and

TFransfer

IHO (International Hydrographic Organisation), 2008, Standards for Hydrographic Surveys,
Special Publication No. 44, 5th Edition

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
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3.1
class of resource assessment

3.11

class 1: Reconnaissance

resource assessment class requiring relatively low effort, and resulting in a resource
characterization with relatively high uncertainty

Note 1 to entry: Reconnaissance (Class 1) resource assessment is one of three distinct classes of resource
assessment. The remaining two classes are Feasibility (Class 2) and Design (Class 3). A Reconnaissance resource
assessment is most suitable for application over large areas of seascape and would typically be the first resource
assessment conducted in an area.

3.1.

clasjs 2: Feasibility
resource assessment class requiring relatively moderate effort, and resulting in.'a-resource
charjacterization with relatively moderate uncertainty

Note|l to entry: Feasibility (Class 2) resource assessment is one of three distinct\classes of respurce
assegsment. The remaining two classes are Reconnaissance (Class 1) and Design (Clas§-3)’ A Feasibility respurce
assegsment is most suitable for refinement of a Reconnaissance resource assessment prior to undertakjng a
Design resource assessment.

3.1.

clasjs 3: Design
resource assessment class requiring relatively high efforly” and resulting in a resource
charjacterization with relatively low uncertainty

Note |1 to entry: Design (Class 3) resource assessment is one)jof/ three distinct classes of resource assessment.
The remaining two classes are Reconnaissance (Class 1) and Feasibility (Class 2). A Design resource assesgment
is m@st suitable for application over small areas of seascape and is typically the final and most de}ailed
assegsment conducted for a particular project.

3.2
wavp energy resource
amopnt of energy that is available for extraction from surface gravity waves

Note [1 to entry: This may be characterised using the directional spectrum or by spectral parameters.

3.3
wave propagation model

3.3.1
pardmetric wave model
wave model using. aggregate sea state parameters such as significant wave height and peak
peri¢d to calculate the propagation and transformation of waves

parametric representahons of non-linear mteractlons to calculate the propagation and
transformation of waves

3.3.3

3rd generation spectral wave model

wave model using a phase-averaged spectral representation of the sea-state and explicit
representation of the physical processes to calculate the propagation and transformation of
waves

3.3.4

mild-slope wave model / parabolic wave model / elliptical wave model

wave model using the associated phase-resolving equation (e.g. mild-slope equation) to
calculate the propagation and transformation of waves
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4 Symbols and units

The results of the resource assessment shall be presented in accordance with the S| system
of units. Results may also be presented in terms of an alternative system of units if desired.

Cg i
d
fi
fo

group velocity of the ith discrete frequency
directionality coefficient
ith discrete frequency

neak frequency
Ll el J

[m/s]

[Hz]

[Hz
L

g
h

m(
J
Jo
]9]max
ki
my
MV(p)
p

pmax

Pmir

acceleration due to gravity

water depth

spectrally estimated significant wave height
omni-directional wave power

wave power resolved along the direction 6
maximum directionally resolved wave power
wave number associated with the it discrete frequency
spectral moment of nth order

monthly variability statistic of parameter, p

any parameter used to characterise the résource
maximum value of the monthly mean‘values of p
minimum value of the monthly mean values of p
order of the spectral moment

directional spreading parameter

variance density overthe ith discrete frequency

variance density over the ith discrete frequency and jth discrete direction

spectrally lestimated average zero-crossing wave period.
spectrally defined energy period (also written as T_4;)
peak wave period

average zero-crossing wave period

factor insuring that only positive components are summed

[m742]
[m]
[m]
[W/in]
[W/in]
[W/in]

(m2$-]

[m2[Hz]
[m2{Hz/

elmax

frequency width of the variance density of the it" discrete frequency
angular width of the variance density of the ;i discrete direction
spectral width

reference sea water density

direction of wave propagation

direction of maximum directionally resolved wave power

geographical latitude

[Hz]
[rad]

[kg/m3]
[deg]

[deg]
[rad]
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Classes of resource assessment

Introductory remarks

This document is intended to be applied across a range of resource assessment study types,
from reconnaissance studies spanning a large region to detailed design studies focused on a

spe

cific site. The procedure to be followed when undertaking an assessment of a wave

energy resource depends on the stage of the study and the study objectives.

Three distinct types of studies, reconnaissance, feasibility and design, are defined as

indi
spa
ass
sup

cated in Table 1_Class 1 studies are tylnir*ally conducted at low to medium resaolution,
1 a relatively large area, and produce estimates with considerable uncertainty. ReSource
gssments conducted to investigate the feasibility of one or more potential sites ¢r to
pgort the design of a specific project normally will focus on smaller areas, Will" employ

gredter resolution and should generate more certain estimates of the wave energy resource.
The |user shall declare the class of study being undertaken and shall followrthe appropriate

procedures prescribed herein.

Table 1 — Classes of resource assessment

e Description Uncertainty of wave energy. Typical long-shofe
resource parameter estimation extent

Class 1 Reconnaissance High Greater than 300 km

Class 2 Feasibility Medium 20 km to 500 kn

Class 3 Design Low Less than 25 knj

NOTH Information on typical extent is provided for guidance only. The class of resource assessment depenfls on

the degree of certainty required, not on the extent ornsize of the study area.

The [results and outputs from previous’resource assessment studies can be considered for

use

as boundary conditions in more-detailed studies. As the project progresses through a

numper of development stages, the.wave energy propagation model and its application should

be

factars may reduce uncertajnty:

5.2

nefined such that the uncertainty of the resource estimation decreases. The folloiing

yse of more capable_models that include more accurate representation of the phygical
frocesses, as outtined in Table 5in 7.2;

flner discretization in frequency, direction, space and time;
yse of mor€irealistic boundary conditions and system forcing (winds, currents, etc.);

vailability’ of additional measurements for model validation; and

Q)

maodelling longer durations.

Resource assessment and characterization flow chart

The flowchart in Figure 1 depicts the general methodology outlined in this Technical
Specification. Different procedures are to be followed depending on the class of the resource

ass

a)

b)

c)

For

essment. For class 1 studies, the resource assessment may be based either on:
analysis of existing archived sea state parameters, provided they were generated using a
methodology consistent with the requirements for Class 1 studies set forth herein, or

analysis of directional spectra generated through the application of a numerical wave
propagation model in a manner consistent with the requirements for Class 1 studies set
forth herein, or

application of measure-correlate-predict methods as specified in Clause 8.

Class 2 and Class 3 studies, the assessment shall be based on either
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d) analysis of directional wave spectra generated through the application of a numerical
wave propagation model in a manner consistent with the requirements for Class 2 or Class
3 studies set forth herein, or

e) application of measure-correlate-predict methods as specified in Clause 8.

Regardless of assessment class, the numerical model used to generate the directional wave
spectra spanning space and time shall be appropriate for the task, configured in an
appropriate manner, and successfully validated against measured oceanographic data. The
boundary conditions and source terms (i.e. wind fields, current fields) used to force the
numerical model shall also be suitable and verified.
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Figure 1 — Wave resource assessment and characterization flow chart
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6 Study planning and data collection

6.1

Introductory remarks

IEC TS 62600-101:2015 © IEC 2015

To obtain an overview of the factors affecting the wave energy resource across the study
area, and to identify the data that will be required to conduct the resource assessment, a site
description shall be prepared. The site description shall include, but need not be limited to, a
description of the elements in the following sub-clauses.

6.2
The

mod
dom
stud

NOTH
condi
direc

6.3

The
be
bath
qual
be r
new
shol
used

The

prop
and

prop

mor¢ strongly affectedtby the seabed) and in areas with steep bottom slopes. The sp

reso

Study area

UdVy aread

| domain may extend beyond the study area. In this case, the extent of the m
in shall also be declared. When MCP methods are used to assessi\the resource
y area is restricted to a single location or a finite number of discrete locations.

It is possible that the model domain is larger than the study area because ‘it'extends to the known bou
tions. In the offshore direction that will typically be to the 100 m — 200 m~\depth contour. In the long-
ion this will generally be greater than the distance from the off-shore boundary to the area of interest.

Bathymetry

bathymetry of the model domain shall be described, and a bathymetric contour map
repared. Where existing data sets are used¢)their source shall be provided. Exi
ymetric data sets will normally be employed«in a Class 1 assessment. Depending or
ty of the bathymetric data that is available;~oew high-resolution bathymetric surveys
bquired for higher class assessments. Alb,bathymetric surveys used, whether existin
should comply with IHO S44:2008). A<Survey Order 2 or better, as specified in IHO
Id be used for water depths of less than 200 m, and a Survey Order 3 or better shoul
for water depths greater than 200:m.

bathymetric data shall be used to construct a digital elevation model for use in the
agation modelling. In general, the bathymetry shall be defined with sufficient horiz
vertical resolution to (adequately describe the bathymetric features influencing
agation. Better resaqlution is generally required in shallower water (where the waveg

ution of the bathymetric data should meet the minimum requirements shown in Table

Table 2 — Resolution of bathymetric data

fland

and
that
the
The
odel
the

hdary
Ehore

shall
5ting

the
may
g or
544,
d be

vave
bntal
vave

are
atial
2.

Class of assessment: 1 2 3

Recpmniended maximum horizontal spacing of bathymetric data
in ter'depths greater than 200 m

5 km

2 km

1 km

Recommended maximum percentage difference in water depth
between adjacent bathymetric points in water depths less than
200 m

10 %

5%

2%

Recommended maximum horizontal spacing of bathymetric data
in water depths less than 200 m

500 m

100 m

25 m

Recommended maximum horizontal spacing of bathymetric data
in water depths less than 20 m

100 m

50 m

10 m

6.4 Existing wave data

Existing data and study reports characterising wave conditions across the study area shall be

collected,

reviewed and described. Existing data may come from previous numerical

simulations, physical measurements, earlier resource assessment studies or previous wave
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climate studies. The existing data and information may help guide the user in setting up the
resource assessment, as it may describe key aspects of the wave resource including but not
limited to seasonal variability, inter-annual variability, frequency of storms, prevalence of
multimodal wave systems, expected spectral shape and the variability of dominant wave
direction. Furthermore, this data may be used to define boundary conditions for numerical
modelling provided it conforms to the requirements of 7.3. In the case of Class 1
assessments, the archived data may serve as the primary data source, provided it conforms
to the requirements detailed in 6.5. Measured wave data coincident with model grid points
may be used to validate the numerical modelling, provided it satisfies the requirements of 6.5.
If the existing wave data is characterised using parameters that differ from those used in this
Technical Specification, then the data shall be converted to match these specifications. The
methhods Used to convert the data shall be detaitedand justified. T he uncertainty associated
with|the existing data shall also be calculated and presented as detailed in 9.5.

6.5 | Wave measurement

6.5.1 Purpose

wave resource over the study area, and to support application ofthe€ measure-correjate-
predict method. If suitable physical measurements of wave conditions are not available, then
new|measurements shall be acquired for these purposes. Measured wave data may alsp be
used to develop suitable boundary conditions for wave modelling (see 7.3), but data used for
such purposes shall be independent of data used for mode| validation.

Mez[aFured wave data is required to validate the numerical wave model\tsed to estimatg the
i

The [ measurements used for model validation shall\(satisfy the requirements of 7.. In
particular the measurements shall provide an accurate; complete and unbiased descriptign of
the Wwave climate at the validation locations(s). Jhis implies that, for Class 1 assessménts,
anallysis of the measurements shall provide geliable estimates of significant wave hefight,
enerngy period and omni-directional wave power over a full range of wave conditions. Pata
froml a single, accurate, non-directional measuring instrument is sufficient for validatign of
Cla 1 assessments. For Class 2 and Class 3 assessments, in addition to the three
parameters required in a Class 1 assessment, it shall be possible to reliably estimate, fqr all
wave conditions, the spectral width.and the directional spreading index. Hence, data from an
accyrate directional wave measuring instrument is required for validation of Class 2 and (lass
3 aspessments.

NOTHE Although data from a single location is sufficient for validation, data from multiple locations is preferred.
6.5.2 Selection of measuring instrument and analysis methodology

The [instrument used to collect wave data for model validation shall be capable of measuring
quantities that{ean be analysed to provide accurate and unbiased estimates of the parameters
listed in Table) 3. The number of independent sea state measurements required to satisfy the
requli;rements for model validation will depend on the wave climate and the class of| the

resource-assessment as specified in Table 6. In all cases, care shall be taken to ensure|that
the

easurements capture a full range of wave conditions, as specified in 7.6.

To be considered fit for purpose, scientifically defensible evidence shall be provided
demonstrating that the measurement instrument and associated analysis methods meet or
exceed the performance requirements set forth in Table 3.

NOTE 1 A sufficient number of sea state measurements can be obtained in many ways. For example, by
employing a relatively low sampling rate (e.g., daily) over a relatively long period (i.e. several years), or by
employing a higher sampling rate (i.e. hourly) over a shorter period (typically one year or less).

NOTE 2 Many different sensors and sensor arrays can successfully be used for estimating non-directional and
directional spectra. Non-directional spectra are often derived from measurements of free surface elevation or the
heave motion of surface-following buoys. Pressure measurements from a fixed point a short distance below the
surface can also provide data necessary for estimating the wave frequency spectrum. Directional spectra are
typically estimated from analysis of three simultaneous measurements, such as the heave, pitch and roll of a
surface following buoy, or surface elevation combined with orthogonal components of horizontal orbital velocity.
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Table 3 — Minimum requirements for wave measuring
instruments and associated analysis

Class of resource assessment 1 2 3
Requirement Value xx
Precision in H_, greater than xx, 95 % of the time 0,9m 0,6 m 0,3m
Overall bias in H_, less than xx 0,3m 0,2m 0,1m
Precision in T, greater than xx, 95 % of the time 3,0s 20s 1,0s
Overall bias in T, less than xx 1,5s 1,0s 0,5s
Pregision in g, greater than xx, 95 % of the time - 0,10 0,p5
Oveall bias in g, less than xx - 0,05 0,p2
Pregision in directional spreading greater than xx, 95 % of the time - 15° 10°
Ovefrall bias in directional spreading less than xx - 6° 4°
Preg¢ision in mean direction greater than xx, 95 % of the time - 15° 10°
Ovefrall bias in mean direction less than xx - 6° 4°

Refgr to Clause 8 for definitions of characteristic parameters.

NOTH 3 Measurements spanning the frequency range from 0,04 HZ to 0,5 Hz are recommended in order to
achiejve the performance requirements set forth in Table 3. For measuréments based on recorded time-histor|es, a
mininfum record length of 1 200 s per sampling period is recommeénded, but longer record lengths (up to 3 00 s)
may pe required in order to increase the resolution and precisi@n)of the (directional) wave spectrum that cgn be
derived from the measurements.

NOTH 4 In the absence of extensive industry experiengg,Jit is difficult to establish appropriate and reasopable
mininpum limits on the performance of wave measuring instruments and associated analysis. The limits specifjed in
Tabldg 3 are considered reasonable, but may be revised\in the future as industry experience increases.

6.5.3 Instrument calibration

Whenever possible, the measurement instrument(s) shall be successfully calibrated pripr to
deplpyment in accordance with the supplier’'s specifications and recommendations. Iff the
calijration results do not fall.within normal operating ranges the instrument should ngt be
used. The calibration shall be repeated immediately following recovery to confirm tha{ the
califration did not changé. over the deployment period in any way that might contribufe to
increased measurement 'error or bias. If the disparity in the pre- and post-deployment
califrations exceeds‘\normal tolerances (provisionally 5 %) then the measurements shall be
marked as provisional and should not be used for model validation unless the errors|and
biases associated with this disparity are shown to be less than the values specifigd in
Table 3.

6.5.4 Instrument deployment

Whenever possible, measured wave data should be obtained in one or more Tocations close to
where wave energy converters might realistically be deployed. If this is not possible, wave
data should be obtained from locations where the wave resource is representative of typical
conditions throughout the study area and the average water depth is similar to that where
wave energy converter deployments are anticipated. It is advisable to avoid locations where
the spatial gradients of wave energy are steep such as near islands, prominent bathymetric
features, or within the surf zone.

The measuring instrument(s) shall be deployed in accordance with the supplier’s
specifications and recommendations to maximise precision and minimise bias as much as
possible.

For floating instruments, care shall be taken to minimize the error and bias introduced by the
mooring system as much as possible. For instruments that rely on sensing dynamic pressures
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or orbital velocities below the free surface, the sensor(s) shall be located close enough to the
free surface to accurately measure wave components with frequencies up to 0,5 Hz. For
instruments that rely on sensing wave properties at multiple locations, the locations shall be
optimised to minimise error and bias as much as possible.

6.5.5 Redundancy

It is advisable to deploy more than one wave measuring instrument whenever possible to
provide redundancy in the event of instrument malfunction or loss. This approach also has the
benefit of providing multiple validation points in the event that malfunction or loss does not
occur. Multiple data points are extremely valuable for validation versus calibration, in addition
to obtaining a more accurate assessment of the resource and its spatial variability.

6.5.6  Analysis of measurements

Neafly all measured data sets will contain erroneous or invalid data points. Fo improvqg the
qualjty of the data set, screening methods recommended by the instrumentmanufacturer ghall
be qpplied to exclude spurious data as much as possible. Procedures récommended by the
instrument manufacturer and/or industry-standard best practices shall"be used to obtair] the
best| possible estimate of the wave spectrum and directional wave spectrum (if approprjate)
for gach sampling period. The methods presented in Clause 9 shall then be used to dgrive
characteristic parameters for use in model validation. The ,methods used to screen|and
analyse the measured data shall be fully consistent with the’methods for which scientifically
defepsible evidence demonstrating acceptable measurement\péerformance is available.

NOTH In most cases, non-directional wave spectra will typically-Be obtained from Fourier analysis of the water
surfage elevation time series. An established method of time-demain or frequency-domain averaging will tygically
be employed to smooth the raw wave spectrum. Directional.wave spectra will typically be obtained by multiplying
the npn-directional wave spectrum by a frequency-dependent'spreading function that describes how the enefgy in
each [frequency band is distributed over direction. Many methods can be used to estimate the spreading funftion,
including Fourier series decomposition, Fitting of parametric models, Bayesian methods, Maximum Likellhood
methpds (MLM), and Maximum Entropy methods s(MEM). Most methods assume a parametric model for the
spredding function at each frequency band. All these methods involve computing the auto-, co- and quad-sgectra
from Jat least three distinct measured time series; but differ widely thereafter. The last two methods (MLM and
MEM) are recommended as they tend to provide superior performance. Further information on directional |wave
analysis is provided in Benoit et. al., 1997, Analysing multidirectional wave spectra: a tentative classification of
availgble methods. Proc IAHR seminar ohrmultidirectional waves and their interaction with structures, 27t JAHR
Congfess, San Francisco, USA.

6.6 | Wind data

Existing data on wind.speed and direction over the entire model domain shall be reviewed and
desgribed, including ‘the source and details of validation. Acceptable data sources indlude
phygical measurements and wind fields predicted by numerical models (i.e. from pressure
indiges), provided*the model results have been validated against measured data. The spatial
and |temporalresolution of the wind data shall be commensurate with the class of] the
assgssmentiand the sensitivity of the wave model to this parameter. The height of the wind
data| shall)be reported and be consistent with the wave model. Recommended spatial{and
temporal resolutions for wind data are given in Table 4. If the available wind data is [of a
coarSer resolution than that—which 15 recommended befow, tmay be interpoiated,
extrapolated or transformed for use in wave modelling; the methods and procedures used
shall be described and justified.

Table 4 — Resolution of wind data

Reconnaissance Feasibility Design

Recommended temporal resolution 3h 3h 1h

Recommended spatial resolution 100 km 50 km 25 km
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6.7 Tide data

Existing information and data on the water level fluctuations over the model domain due to
tides shall be reviewed and described, including the source and details of validation. The
possible influence of these fluctuations on wave propagation shall be assessed and reported.
A sensitivity study (see Annex A), or scientific reasoning, shall be used to assess the
importance of water level fluctuations. If the influence is likely to be significant over any part
of the study area, then the time-varying water level shall be included in the wave propagation
model.

NOTE In most circumstances it will be sufficient to prescribe a single water level across the entire model domain
at eagtrtimre—step-

Existing information and data on the tidal currents over the model domain shall berrevigwed
and |[described, including the source and details of validation. The possible influence of these
fluctpations on wave propagation shall be assessed and reported. A sensitivity. study [(see
Anngx A), or scientific reasoning, shall be used to assess the importance of itidal currentgs. If
the influence is likely to be significant over any part of the study area, thenythe time-varying
tidallcurrents shall be included in the wave propagation model.

If aqditional water level measurement and/or tide modelling is necessary, the methoddlogy
and expected uncertainty shall be described.

6.8 | Current data

Existing information and data on the non-tidal currénts over the model domain shall be
revigwed and described, including the source apd details of validation. The speed|and
diregtion of the non-tidal currents shall be presented, at a resolution appropriate to their
spatjal and temporal variability. Acceptable data\ysources include physical measurement|and
models that have been validated using measured data. The possible influence of these
fluctpations on wave propagation shall be(assessed and reported. A sensitivity study [(see
Anngx A), or scientific reasoning, shall be used to assess the importance of nondtidal
currgnts. If the influence is likely to be’Significant over any part of the study area, then the
timefvarying non-tidal currents shall be'included in the wave propagation model.

6.9 | Ice coverage and/or exceptional environmental conditions

In spme locations, wave conditions will be seasonally affected by the presence of sea ice
and/or exceptional envirenmental conditions. If applicable, existing data and informatioph on
sea |ice within and (@nound the model domain shall be collected and reviewed, and| the
potential influence (on the wave conditions throughout the study area shall be assessed|and
reported. A sensitivity study (see Annex A), or scientific reasoning, shall be used to aspess
the importance/of sea ice and/or exceptional environmental conditions. If the influence of| sea
ice and/or exceptional environmental conditions is likely to be significant over any part of the
study area, then the effects shall be included in the wave modelling. The methods|and
procedures used to include the effects of sea ice and/or exceptional environmental conditfions
in the_ wave maodelling shall be described and justified

6.10 Water density

The near surface water density in the study area shall be determined. It may be measured
directly, or estimated from measurements of temperature and salinity, or by reference to
previous studies. Where appropriate, seasonal variations in water density shall be considered.
Alternatively a water density of 1 025 kg/m3 may be assumed.

6.11 Gravitational acceleration

Gravitational acceleration shall be defined and reported using one of the two methods
described below
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e Standard gravity, which was defined by the 3rd General Conference on Weights and

Measures (1901) as 9,806 65 m/s2; or

o the latitude, ¢, corrected value of gravitational acceleration, which is defined as

9,806 12 — 0,025 865 x cos(2 x @) + 0,000 058 x cos2(2 x @)

7 Numerical modelling

7.1 Introductory remarks

The|raw sea state data required for estimation of the wave energy resource shall be
gengrated using suitable numerical models. The analysis of this data to provide a parametric
repregsentation of the sea states and wave climate is specified in Clause 9. Thé|numgfrical
modgls shall be validated, and where necessary calibrated, using physical measurements.
The |[boundary conditions and wind forcing for the numerical models shall bederived ejther
from a more extensive validated numerical model or from metocean measurements when

suitgble data is available.

7.2 | Suitable numerical models

Table 5 specifies the numerical model features that are™ required to be considered,
recommended, acceptable and not permitted for the three’ resource assessment clagses

identified in Clause 5.

If a modelling feature is required to be considered _then it shall be included in the numgfrical
model unless it can be shown using sensitivity .analysis, or by scientific reasoning, td not
signfficantly affect the wave energy resource_ _{(see Annex A). The sensitivity analysis or
scieptific reasoning justifying exclusion shall_be included in the final report. If a modglling

num
mod

feat\Ee is recommended then it is considered best practice, and should be included in the

Table 5 — Elements of suitable numerical models

rical model. If a modelling feature _is “‘acceptable then it may be used in the numerical
I. If a modelling feature is not permitted then it shall not be used in the numerical model.

® Required to be considered O Recommended O Acceptable X Not permitted
Component: Déscription Reconnaisance Feasibility Design|
Boundary conditions
Parametric boundary: Boundary conditions defined by
o X X
paraeters such as F 4, 7., Omax S @
Hybr{d boundary{Beundary conditions defined by wave o o x
i i i i a
specjrum with parametric directional parameters
Spedtral h6uhdary: Boundary conditions defined by
! ) o o o
directional*wave spectrum
Phy ;ba: MITULTOSTO
Wind-wave growth: Transfer of energy from the wind to ° ° °
b
the waves
Whitecapping: Dissipation due to whitecapping included
h [ ] [ ] [ ]
in model
Quadruplet interactions: Energy transfer due to ° ° °
quadruplet interactions included in model
Wave breaking: Dissipation due to depth-induced wave
e ; o] [ ] [ ]
breaking included in model
Bottom friction: Dissipation due to bed friction included in
0] [ ] [ ]
model
Triad interactions: Energy transfer due to triad
. h . h o] [ [ ]
interactions included in model °©
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X Not permitted
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rq

>
)]

3

solution.

iffraction (in)spectral wave models is based on a phase-averaged approximation that may not accuifately

odel the-effect of diffraction where the spatial resolution of the grid is too coarse.

Component: Description Reconnaisance Feasibility Design

Diffraction: Diffraction included in model ¢ P ) ) )

Refraction: Refraction included in model [ ] [ ] [ ]

Effects of sea ice included in model ([ ] [ ] [ ]

Water level variations (tides) [ ] [ ] [

Wave reflections (] [ ] [ ]

Wave-current interactions (] [ [ J

Wavé sef-up © O O O

Numerics

Parametric wave model 0] X X

2"d gleneration spectral wave model o (e} x

3" generation spectral wave model o o o

Mild-glope/parabolic/elliptical wave model © ®) O )

Sphdrical coordinates f ([ J © (e}

Non-ptationary solution O ©) o

Minimum spatial resolution 9 5 km 500 m 50 m

Minimum temporal resolution ¢ 3h 3h 1h

Miniru_Jm number of wave component frequencies in J5 25 25

numgrical model

Minimum number of azimuthal directions in numerical 24 36 48

modgl

a8 An appropriate spectral shape and directional spreading function should be used.

b Importance of wind-wave growth and quadrupletinteractions will depend on the geographical extent and|their
ifclusion may be unnecessary for areas with small geographical extents.

¢ Importance of triad interactions will depend<en water depth and their inclusion may be unnecessary for greas

ithout shallow water.

4 Importance of diffraction will depend on the presence of islands, headlands and/or other obstructions anfi the
inclusion of diffraction may be unnecéessary for areas where these do not exist.

¢ Recommended for shoreline wave energy converters.

f The requirement for spherical coordinates will depend on the geographical extent and directional resol{ition;
their use may be unnecessary for areas with small geographical extents.

9 Boundary condition(s, ywind fields, bathymetry and model computational grid/time steps should be defingd to
cprrectly reproduce.the scale of variation of wave energy conditions in the study area with, at least| this

A minimum of 25 wave frequency components and 24 to 48 directional components
(depending on the assessment class) shall be used in the numerical model. Finer
discretization in frequency and direction is recommended in order to improve the accuracy of
the model output. It is recommended that the frequency range of the model output should
cover at least 0,04 Hz to 0,5 Hz.

NOTE 1 The wave model may need to include computations at frequencies up to 2,0 Hz in order to adequately
resolve important physical processes, such as wind-wave growth and white-capping.

The flexibility and complexity of typical wave propagation models means that acceptable
results are not guaranteed, and care shall be taken to ensure that the numerical model that is
used includes the necessary features to correctly reproduce all of the important wave
transformations over the study area, and that the model is applied in a manner sufficient to
deliver outputs having the desired resolution and accuracy.
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NOTE 2 Wave energy conforming to what is commonly described as a stable sea state has a wide range of both
spatial and temporal variability. Spatial variability is related mainly to sea bed morphology (and in some cases
currents) while temporal variability is more related with the characteristics of the generation mechanisms. Spatial
variability increases inshore as a direct result of wave bottom interaction and contour shadows but, depending on
coastal morphology, it can be very stable alongshore for kilometres, or create incredible differences on the order of
metres (breaking, focusing and defocusing, etc.). In the case of temporal variations, wave conditions can be very
stable for hours or even days (in the case of long travelling groundswells arriving in local calm weather) or change
extremely fast (wind waves associated with local perturbations). Because of this, it is not possible to give
recommendations appropriate for all cases.

The numerical model should produce a minimum of 10 years of sea state data. Sea state data
shall be generated with a minimum frequency of 1 data set every 3 h. Less than 10 years of
sea state data may be produced if necessary. However, in any case (10 years or less) an
estifiate of the uncertainty of the wave resource assessment shall also be produced]and
provided with the sea state data (see 9.5).

ArcHived wave data may be used for the wave resource assessment provided that| the
methods used to generate the data are consistent with the requirements of\this Techhpical
Spegification. When using archived model wave data, all changes in modelce@nfiguration ghall
be noted and adequate validation shall have been performed (as defined’in 7.6) for ¢ach
modgl configuration.

period of longer than 10 years. Climate change is complex and,predictions of its effectd are
extrgmely unreliable. Therefore it is recommended that the Wwave resource is assumed tp be
statipnary unless there is clear evidence to the contrary.“Any assumptions made and slteps
takep to include the possible effects of climate change in’the resource assessment shall be
cleafly stated and justified.

Clirriate change, anthropogenic or otherwise, may cause the wave resource to change over a

7.3 | Definition of boundary conditions
Boundary conditions for the numerical modellifg shall be defined using either:

a) physically recorded metocean data;
b) ]istorical data predicted by a more extensive numerical model; or

c) combination of the above.
Where physically recorded(metocean data is used, the data set should span a period of at
least 10 years with a data“return rate greater than 70 %. Methods recommended by| the
supplier of the measuring instrument used to acquire the data, or the agency responsiblg for
collgcting and/or supplying the data, shall be applied to exclude erroneous or inyalid
obsgrvations before.use. Any known bias shall also be removed prior to use.

NOTHE 1 The 5metocean data should be collected and analysed following a consistent methodology. This|is of
partiqular impertance when two or more data sets or instrument deployments are used.

Where/wave data produced by previous modelling is used to define the boundary condifions
for new”numerical modelling, the data set should span a period of at least 10 years.[The
previously modelled wave data shall have been successfully validated against physically
recorded metocean data. It is recommended that the same validation requirements as
specified in 7.6 are used; however, it is recognised that other validation procedures may have
been used. In this case the procedures and results shall be fully reported. Where possible,
any bias shall be removed from the previously modelled wave data before it is used to
develop boundary conditions for new modelling.

Suitable boundary conditions may also be developed by combining physically recorded
metocean data with numerical predictions. For example, wave data produced by previous
numerical modelling may be used to fill in gaps in the physically recorded data set. Where the
physically recorded data is non-directional, modelled wave data may be used to add
directional information. The methods used to develop the hybrid boundary conditions shall be
described and justified.
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For boundary conditions specified in parametric form, any missing data may be estimated
using Measure-Correlate-Predict (MCP) techniques as described in Clause 8. Missing
parametric data may be estimated from available measurements for other locations, or from
the outputs of previous wave modelling. The secondary data sources shall be assessed to
ensure they are fit for purpose. The methods used to estimate the missing data shall be
described and justified.

If necessary, data sets with duration less than 10 years may be used to define boundary
conditions; however, the use of shorter data sets is discouraged as the uncertainty of the
estimated wave resource parameters will increase.

To dimplify the specification of boundary conditions for wave modelling, it is recommerllded
that| to the extent possible, offshore model boundaries be located in areas where wave
conditions are reasonably homogeneous and where suitable data is available. Ideally; reliable
wave data sets will be available at multiple locations along the offshore model-boundaries so
that| spatially varying boundary conditions can be prescribed. For Class i2~and Clags 3
assgssments, modelled wave data produced by previous lower-class assessments may be
used to establish suitable spatially varying boundary conditions.ctn particular, [t is
recommended that a Class 3 resource assessment for a Design study,~ use results frgm a
Clags 2 resource assessment; however, this is not a requirement-and other appropfiate
verifjed boundary conditions may be used

NOTHE 2 The use of information from a lower class assessment to establisSii boundary conditions for a higher|class
assegsment may result in the transmission of errors that result in unsuitable levels of uncertainty.

The| homogeneity of the wave conditions along the€ full extent of the offshore mlodel
boundaries shall be assessed, and spatially varying‘boundary conditions shall be devel¢ped
to represent any spatially variable wave conditions. A sensitivity study (see Annex A), or
scieptific reasoning, shall be used to assess«the importance of spatially varying boundary
conditions. If the influence is likely to be significant over any part of the study area, then the
spatjally varying boundary conditions shallkbe included in the wave propagation model. When
meagured or modelled data is available_at discrete points, a linear seaway interpolation [may
be uised to approximate the spatial variation in wave conditions along the model boundarigs.

NOTH 3 For a typical Class 3 assessment of an exposed nearshore site, the spatial variability in wave condjtions
acrogs a small scale offshore boundary;l6cated in deep water should be minimal, but should still be checked |since
the agcuracy required for the predictions is increased.

7.4 | Modelling the nearshore resource

The [wave energy resoudrce in very shallow water is strongly influenced by the effects of depth-
limited wave breakijng, a natural process that typically produces steep spatial gradients in
wave height. JFhe' depth-limited wave breaking process is sensitive to the prevailing wave
conditions in—addition to fluctuations in water level, nearshore currents and potentially éven
temporal ehanges in the bathymetry. When it is desirable to attempt to extend the resource
assgssment into shallower water depths where depth-limited breaking occurs frequently, a
wavesmodel that includes a reasonable simulation of wave nonlinearities and depth-limited
wave breaking processes shall be employed to predict the spatial and temporal variation in
wave conditions across the nearshore area. The recommended water depth below which
depth-limited breaking should be considered is 16 metres. The ability of the model to simulate
the decay in wave heights across the surf zone with reasonable precision shall be verified and
confirmed by a scientifically defensible method. The modelling shall take into consideration
the effects of water level fluctuations, currents and bathymetry changes, unless it can be
shown that these effects are negligible. Further guidance on modelling the nearshore
resource is given in Annex D.

In situations where information on the shallow water wave resource is not required, an
acceptable alternative is to restrict the resource assessment to deeper water depths where
depth-limited breaking occurs infrequently. The recommended limiting water depth is 16
metres. In this case, the location of the limiting depth contour shall be clearly specified and
justified, and the exclusion of regions with shallower depths shall be duly noted. In general
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the resource estimate should be made to the outer limit of the breaking zone for the most
energetic annual wave condition.

7.5 Effect of WEC array on wave energy resource

It is recognized that the presence of a WEC array may have a considerable effect upon the
local wave energy resource, such that the wave energy incident upon a given WEC may differ
from the case in which there were no other WECs in the region. As such there may be a loss
of accuracy for an energy production estimation that relies upon a resource assessment that
does not consider array effects. In cases where an energy production estimation for a
particular WEC array is required, where appropriate the effects of the WEC array on wave
proplagation should be included in the numerical model. Any modifications made ,io| the
numerical model to account for the effects of a WEC array shall be documented and justified.

In the case that the WEC array is not present when the wave data to be used forwalidation of
the pumerical model is measured (see 7.6), then the effects of the WEC array shall nqgt be
inclyded in the validation of the wave propagation model.

7.6 | Validation of numerical models
7.6.1 Introductory remarks

All numerical modelling shall be validated using measured wave data. The ability of the wave
model to accurately predict the wave resource shall be assessed and confirmed. Whengver
posgible the numerical model output should be validated using data from one or more
locafions close to where wave energy converters mighi{realistically be deployed. If this ig not
posgible, because deployment locations are unknown“or otherwise, the validation data should
be ffom location(s) where the average water depth ‘is close to the expected depths of future
wave farm deployments, and where the wave ‘Climate is typical of conditions throughout the
study area. It is advisable to avoid locationstwhere the spatial gradients of wave energy are
steep, such as near islands and prominent*bathymetric features. The location of the validation
sited, the source of the validation data, and the properties of each data set shall be descrjibed
in the technical report (see 10.3).

All measured wave data used {or validation shall be acquired and analysed as specifigd in
6.5.| For buoy measurements,’ automated quality control procedures shall include as a
minimum those defined by the' NDBC Handbook of Automated Quality Control 2009 and ghall
be qupplemented by manual checking to maximise data validity. Industry-standard qyality
contfol methods used:for any other measurement system shall be implemented where
apprnopriate and details’recorded.

7.6.2 Validation data specification

valiqation.data set consists of all validation data points associated with a particular location.
To facilitate validation, the validation data set shall be used to construct an omni-directional
H.o-T, scatter table showing the proportional frequency of occurrence of different sea states.
The scatter table will comprise many cells or bins, each corresponding to a particular and
unique small range of H,, and T, (see 10.6). Model error shall be evaluated by considering
the data in each scatter table cell, and overall. To minimize the potential for correlation of
error within a cell, validation data points within a single cell of the scatter table shall be
derived from measurements separated by a minimum time period. A minimum separation
period of 6 h is recommended. To minimise the potential influence of seasonal bias for
locations where the wave energy resource features significant seasonal variations in any
relevant characteristic quantity (see Clause 9), the validation data set shall include data from
throughout the year. The monthly return rate on measured data shall be documented and a
mean return rate of less than 70 % over any three month period shall be highlighted. Where
feasible, such deficiencies in the validation data set should be mitigated with additional
measurements during the months with low return rates.

A viidation data point is a single sea state measured at a particular location and time, al;rd a
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NOTE The suggested 6 h separation period is based in expert opinion. However, if it can be shown that there is
no correlation between data points separated by a period of less than 6 h then this shorter separation period may
be used.

The validation data set shall be gathered over a sufficiently long time to include a full range of
wave conditions at the site. The required temporal extent of the validation data set shall be
based on achieving sufficient coverage of the omni-directional H -7, scatter table showing
proportional frequency of occurrence of sea states over the duration of the resource
assessment (see 10.6). Coverage shall be defined as the sum of the proportional frequency of
occurrence of the represented scatter table cells (obtained over the duration of the resource
assessment). A cell in the scatter table may be considered to be represented when it contains
a minimum number of validation data points. Coverage requirements for all classes of
assgssments are given in Table 6. For each validation data set, a scatter table indicating the
numper of validation data points in each cell, highlighting satisfaction of the representation
criterion, shall be prepared and presented in the final report.

NOTH A minimum coverage of e.g. 95 % does not indicate that 95 % of all sea state cells shall ‘be represented in
the validation data set, but rather that the sum of the proportional frequency of occurrence of.the represented| cells
is at least 95 %.

7.6. Procedure

ModEel validation shall be based on the model’s skill in predicting-the’key resource parameters
desgribing the energy resource listed in Table 6 and defined in 9.2. The data point valug for
pargmeter p derived from the wave measurements is dengted p, and the corresponding
valug derived from the wave modelling is denoted pg. For each represented cell| the
normalized error between measured and modelled valGes of parameter p shall be calculated
as:

(pM1 = le)/le
e, = : (1)
(PMn - pDn)/pDn

whefe Pu, and by, are values at coincident time-steps ¢, for k =1..n, and n is the numbgr of
meapured/modelled parameter. yalue pairs in the cell. In the case of the charactefistic
direg¢tion (see 9.2.6) no norralization will be applied. The error for each cell shall be
sepdrated into a systematic.error, y;;(e,), and a random error, g;;(e,). The systematic errqr, or
bias| shall be defined as the mean (see 9.4.2) of the errors in cell i,j, whilst the random error
shal| be defined as the\standard deviation (see 9.4.3) of the errors in cell i,j.

NOTH 1 The characteristic parameters are denoted as p € [J,Hyo Te, ...] Where the ellipsis indicates that |more
parameters may b@ considered beyond these minimum set.

NOTH 2 The'calculation of error specified here includes error in the measured parameters due to a number of
influgncesy"which include instrument precision, calibration error and sampling variability. Further detail on this|topic
can be found in ASME 20-2009.

From the viewpoint of wave energy resource characterization, the significance of the
systematic and random errors within any given cell can be related to their influence on the
estimation of energy availability or production. For each cell i,j, the product of the
proportional frequency of occurrence f;; and mean incident wave power J;; (where f;; and J;;
are obtained over the duration of the resource assessment, not from the validation data set)
gives a strong indication of the significance of any error and shall form the basis for
computing the weighting factor, w;;, as:

wij = Jiifij (2)

For those scatter table cells i,j where the requirements for a minimum number of validation
data points is unmet (see Table 6), f;; shall be set to zero. If a specific WEC technology is
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being considered, then the weighting factors may be scaled by the capture length L;;
associated with each cell (see IEC TS 62600-100), as:

wi; = Lijlijfij (3)
In any case, the weighting matrix shall be normalized such that its sum is unity, as:

W = —i
Yo Bijwis

The |weighted mean systematic error b(e,,) shall be calculated as the sum of the elementiwise
product of the normalized weighting matrix and the systematic error matrix, as:

b(ep) = X Wi (5)

Simifarly, the weighted mean random error o(e,) shall be calculated) as the element-wise
product of the normalized weighting matrix and the random error matrix; as:

a(ey) = Xij Wiy (6)

NOTH 3 The use of the weighted mean error is intended as @ metric for validating model results ovdr the
reprepented H,_,-T, domain of the validation site data set.

Table 6 specifies the maximum acceptable weighted mean systematic and random errorg for
each key parameter and class of resource <assessment. The coverage requirementg for
validation data are also given in Table 6, andcare also dependent on the class of the resource
assgssment being performed as defined ink€lause 5. The numerical modelling output shdll be
congidered to be successfully validated for a specific location and class of resource
assgssment when the criteria in Table 6 are satisfied. If necessary or desired, vatious
refinements or changes in methodology (see 5.1) may be adopted in an attempt to reduceg the
overgll error and successfully validate the model.

The [process used to validate' the numerical model output and the results of the validation
shal| be documented in the,technical report (10.3). If the numerical modelling output could not
be successfully validated; due to a lack of suitable wave data or any other reason, thern the
results of the resource/assessment shall be clearly labelled as “provisional”. In this case| the
reaspons for the provisional status shall be clearly described in the technical report.

The |validationyprocedure described above is summarized in Figure 2. The procedure shall be
repegated_foreach validation location.

Table 6 — Minimum validation requirements

Class 1: Class 2: Class 3:

Reconnaissance Feasibility Design
Validation data coverage requirements
Minimum number of validation data points to represent cell 3 5 5
Minimum coverage by validation data 90 % 90 % 95 %
Max acceptable weighted mean systematic error, b(e,)
Significant wave height, H_, 10 % 5% 2%
Energy period, T, 10 % 5% 2%
Omni-directional wave power, J 25 % 12 % 5%
Direction of max. directionally resolved wave power 0.« - 10° 5°



https://iecnorm.com/api/?name=963824b22d30db043a85ce233092e425

- 26— IEC TS 62600-101:2015 © IEC 2015
Class 1: Class 2: Class 3:
Reconnaissance Feasibility Design
Spectral width, ¢, - 12 % 5%
Directionality coefficient, d - 12 % 5%
Max acceptable weighted mean random error, a(ep)
Significant wave height, H_, 15% 10 % 7 %
Energy period, T, 15 % 10 % 7 %
Omni-directional wave power, J 35 % 25 % 20 %
Diredtion of max. directionally resolved wave power Oy« - 15° 10°
Spegral width, ¢, - 25 % 15v%
Direqtionality coefficient, d - 25 % 15 %

NOTH 4 In the absence of extensive use, it remains unclear what values should be(adopted as reasopable
mininpum validation requirements. The validation requirements defined in Table 6 are.based on what is curfently
consifered achievable and the likely requirements of resource assessment. The regquinements defined in Tdble 6
will b revisited and revised as additional experience is gained in the industry.
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Figure 2 — Validation flow chart

7.6.4 Extent of validation

The geographical extent of validation of the wave energy resource shall be determined and
reported. The extent of validation is defined as the areas surrounding the successful
validation points where the uncertainty in the mean annual wave power is less than specified
in Table 6. It is recommended the area surrounding a successful validation point is defined by
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uncertainty propagation using the numerical model; however, other methods for defining the
extent of validation may be used, provided they are justified scientifically.

NOTE 1 Determining the extent of validation is not an exact process and it is necessary to make a number of
approximations and assumptions to produce an estimate. The procedure outlined using uncertainty propagation is
expected to produce a reasonable estimate; however, better methods of generating estimates may be identified in
the future and should be used where appropriate.

If the extent of validation is defined using uncertainty propagation, the methods defined in
ASME 20-2009 should be used. To reduce the computational effort the uncertainty
propagation may be completed using a weighted representative set of sea-states; however,
the choice of representative sea-states and weightings shall be justified and reported.
Pargmeters that should be considered in the uncertainty propagation include the bathymgetry,
marine currents and process parameters such as the bottom friction coefficient. Parameter
uncqrtainties may be estimated using experience or derived from measurements; ‘whatever
method is used it shall be justified and reported, together with the value of the-parameter
uncgrtainty used. The complexity of the numerical model means that it is recommended td use
Monte Carlo methods for propagation of uncertainty from these parameters to the Tean
anndal wave power. The percentage uncertainty in mean annual wave power shall be defined
as the variation in the mean annual wave power normalised by the mean‘annual wave power
at thle validation point. The uncertainty is normalised so that parametér variations outside the
extept of validation do not affect the calculation of the extent of validation.

NOTH 2 If a method other than the ASME 20-2009 is used then it should_beequally, or more, applicable and the
choick should be justified.

NOTHE 3 It is important that the numerical model used to determifie the extent of validation includes all relpvant
sourdes of wave transformation — even if these sources are not required for model validation. For examplq, this
would occur where the validation point is in the open ocean, byt/it\is desired that the extent of validation inclufes a
regioh where diffraction may have a significant impact on the wave resource.

NOTH 4 The estimation of the extent of validation using uncertainty propagation assumes that the rmodel
formylation used to represent the wave propagation,proecesses is correct. It is not possible to use the numgrical
mode] to estimate the resultant uncertainty and if included it would have to be estimated using experienc¢ and
refergnce to other data. However, it is considered: that because the numerical model has been validated at the
validgtion point then it is reasonable to assumé/that the model is adequate and the uncertainty due to the hodel
formylation may be assumed to be negligible:

Where validation has been achieved using MCP methods (Clause 8), the extent of validation
is limited to the validation pg@int because there is no data available for extrapolation. Where
model calibration (7.7) has\been used, then the effect of calibration shall be included ir the
estimation of the uncertainty in the mean annual wave power. In general, model calibration
will {ncrease uncertajaty*and reduce the extent of validation because the calibration fung¢tion
is likely to vary wijth-location in an unknown manner. The increase in uncertainty due to
caligration may be estimated as the difference between the raw and calibrated mean annual
wave power densities at the validation point; however, other methods may also be used.

In all casé€s the full method used to determine the extent of validation shall be justified|and
docymented in the technical report (10.3).

NOTE 5 It is important to note that the numerical model output for locations outside these validation areas
potentially could be equally or even more accurate than for locations within the validation areas; however, the
accuracy cannot be assessed or verified without validation against reliable measured wave data. The portion of the
study area over which validation is achieved can be increased by considering additional validation sites. Indeed,
the use of multiple validation points is encouraged due to the increased confidence it provides of the skill of the
numerical model.

7.7 Model tuning and calibration

Model tuning refers to adjusting model parameters or settings (e.g. wave growth or dissipation
terms such as bottom friction). Model calibration refers to adjusting model outputs to improve
agreement with measurements.
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Tuning of the model may involve adjusting model parameters to improve the accuracy of the
model’s predictions; however, the parameters shall not be assigned unreasonable values
chosen solely to improve model accuracy.

Measured data may also be used for calibration of the numerical model to improve the
accuracy of the model’s predictions. Calibration of the model involves modification of the
model output based on a function derived from the difference between the raw model output
and a sub-set of the measured data. If model calibration is used this shall be reported,
together with details of the calibration functions used and the changes in model uncertainties
obtained. Measured data that is used for model calibration shall originate from time periods
that are distinct from and non-overlapping with the time periods from which the validation data
sets|are drawn.

8 Measure-Correlate-Predict (MCP)

8.1 | Introductory remarks

Meagure-Correlate-Predict (MCP) methods may be used for Class 1¢)Class 2 and Clags 3
assgssments, when assessment at discrete points is sufficient and provided the key resource
paragmeters can be predicted with suitable accuracy to satisfy the-validation requirements of
7.6.|It is important to note that MCP methods provide no information regarding the wave [field
surrpunding the measurement point and so the extent of validation shall be restricted tq the
locafion(s) of interest at which wave conditions are measufed and the wave resourde is
subgequently estimated, which will henceforth be identifiedyas MCP measurement locatior|(s).

Meagure-Correlate-Predict (MCP) techniques maybevemployed to estimate the wave enfergy
resource at a MCP measurement location, and to-help develop boundary conditions for use in
waveé modelling. The Measure-Correlate-Predict approach involves measuring ave
conditions at the MCP measurement location’for a limited time period and then correlating
thesg measurements with data from another location, henceforth called the MCP refergnce
location, where reliable long-term wave-data is available. . The correlation functions betWeen
the ywave data from the two locationsiare then used to estimate wave conditions at the MCP
meagurement location over a longerperiod. For Class 2 and Class 3 assessments, directional
spegtral data shall be obtained. at*both locations and characteristic parameters calculated as
spegified in 9.2. For Class 1 assessments, non-directional spectral data is sufficient, althgugh
diregtional data is preferred and recommended. MCP methods may only be used succesdfully
whep the wave conditions’ at the MCP measurement location and the MCP reference location
are [strongly correlated-\to each other. This implies that the two locations are subje¢t to
common wind fields-and wave systems, and that the two locations are in reasonable prox|mity
to each other.

NOTH AlthoughhnMCP methods could theoretically be used to estimate directional wave spectra this has not yet
been|demonstrated in practice and the potential difficulties are unknown. Thus, MCP is currently limited to the
estimaption/of\characteristic parameters such as the omni-directional wave power, J, significant wave height{ #_,
and ¢nefgy-period, 7,. Progress towards application of MCP methods to estimate both characteristic paranjeters

and directional spectra will be monitored during the maintenance phase of this technical specification.

8.2 Procedures

The following procedures and reporting requirements shall be followed whenever MCP
methods are used.

e The coordinates of the MCP reference location and the MCP measurement location shall
be reported, together with the source and validity of the long-term and short-term wave
data. The long-term data shall satisfy the same requirements as for the boundary data
used for hydrodynamic modelling (see 7.3).

e The methods used to acquire and analyse all measured data shall be fully consistent with
the requirements of 6.5. The methods detailed in Section 9 shall be used to compute
characteristic parameters from the measurements.


https://iecnorm.com/api/?name=963824b22d30db043a85ce233092e425

- 30 - IEC TS 62600-101:2015 © IEC 2015

Data-pairs of characteristic wave parameters shall be produced using concurrent wave
data for the MCP measurement location and the MCP reference location.

For each data pair type, a correlation function shall be generated using a (generation)
sub-set of data-pairs. Any correlation function that maximizes the correlation between the
two locations may be used. The correlation function used, together with the methodology
for its production (including choice of the generation sub-set) shall be reported and
justified.

An estimate of the set of characteristic parameters describing the wave conditions for the
MCP measurement location shall be produced using the correlation functions together with

the long term wave data for the MCP reference location.

) alidation data for the MCP estimate shall be produced using a (validation) sub3sg
ata-pairs that is independent from the generation sub-set. The validation data-set
atisfy the requirements of 7.6, and in particular shall include elements representing
LIl range of wave conditions at the site of interest. In most cases, the generation

N < =h(n O

ub-set are separated by more than 24 h from all elements in the generation sub-set.

he validity and associated uncertainty of the MCP estimates shall’ be calculate
omparing the estimated and measured wave data (characteristic(parameters) at the

heasurement location for the validation sub-set using the procedures, data and repo
equirements defined in 7.6 and 10.6.

o i T Y |

he resulting wave energy resource estimate, including” its derivation, validity
ncertainty shall be reported as specified in 10.6. If the.estimate could not be success
alidated, then the results of the resource assessment shall be clearly labelleg
provisional”.

<

NOTH Although MCP methods have been used extensively in wind energy resource assessment, no gen
accepted method of defining suitable correlation functions has been identified for wave energy res

bt of
shall
the
and

alidation sub-sets may be assumed to be independent when all elementsiin-the validation

il by
MCP
rting

and
fully
i as

erally
burce

assegsment. Each correlation function proposed has advantages and disadvantages dependent on the reduired

effortl and the particular characteristics of the sites, and resource. Furthermore, in many cases the corre
function is specifically tailored for the wind energy resource by filtering of the data-pairs used for correlation.
methpds have not been used extensively for wave.energy resource estimation and it would be inappropriate

ation
MCP
to try

to define the type of correlation functions that.should be used. This may change as additional experience is gpined

in thg use of MCP for wave energy resource estimation.
9 Ppata analysis

9.1 | Introductory remarks

The [data analysis uses 'sea state data to produce characteristic parameters that are relgvant
to thle performance'of wave energy converters. If directional wave spectra, either measurgd or

gengrated as spegified in Clause 7, are available then the wave energy resource sha

| be

analysed as specified in 9.2. However, for Class 1 assessments and when only parametefized
sea |state data is available, then the wave energy resource may be analysed as specifiged in

9.3.|The~methods specified in 9.2.1 to 9.2.5 shall also be used to calculate characte

pargmeéters from non-directional wave spectra. If no directional information is available fhen
theW@Wﬂ&dﬁmﬁu/ave

resource assessment.

istic

Of primary importance is an estimate of the mean omni-directional energy flux per unit width,
or wave power. In addition, the parameters for characterizing an individual sea state shall

include:

e characteristic wave height,

e characteristic wave period,

e spectral width,

e direction of maximum directionally resolved wave power, and

o directionality coefficient.
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The uncertainty of these estimates shall be quantified. Presentation of the spatial and
temporal variability of these characteristic quantities is outlined in Clause 10.

If the resource is being investigated with respect to a particular WEC, sensitivity studies may
suggest additional characteristic quantities beyond those recommended below. If this is the
case, the appropriate characteristics should be calculated and archived. Conversely, if the
WEC is shown to be insensitive to a particular characteristic parameter (e.g. direction of
maximum directionally resolved wave power) then that parameter may be excluded from the
assessment. However, in general this is not recommended because it may be determined in
the future that the WEC is sensitive to a particular parameter and then the relevant data may
not be available, or a different WEC may be considered in future.

9.2 | Characterization using two-dimensional wave spectra
9.2.1 Overview

The [sea state shall be characterised using the directional wave spectrum~obtained at ¢ach
grid [point in time and space. For any given directional wave spectra, the vasiance density jover

the fh discrete frequency and jth discrete direction is Sl-j.

Diregtionally unresolved characteristic quantities are more conveniently calculated by [first
trangforming the two-dimensional frequency-directional variance)densities to one-dimensjonal
frequiency variance densities according to the following equation:

Spegtral moments are used to calculate many characteristic sea state parameters. Spefctral
monjents of the nth order shall be calculated from the frequency variance density according to
the ¢quation:

my, = X fi"Sidf; (8)
The ffollowing parameters shall be-calculated at all grid points.

9.2.2 Omni-directional wave power

The Jomni-directional { oy ‘directionally unresolved, wave power is the time averaged energy flux
throIgh an envisjoned vertical cylinder of unit diameter, integrated from the sea floor tq the
surface. The omnirdirectional wave power is calculated as:

] =pg XijcgiSij AfiAG; ()
_ n'_fl 2kih
and €91 =7, (1 + sinhzkih) (19)

The wave number associated with a given frequency and depth is implicitly defined through
the dispersion relation:

(2nf;)? = gk; tanh k;h 11)

9.2.3 Characteristic wave height

A spectrally derived estimate of the significant wave height shall be used to characterize the
wave heights of a given sea state. It is calculated using the zeroth spectral moment according
to the equation:
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Hm0=4m (12)

NOTE Hp,g is not equal to the significant wave height defined as the mean of the highest third of waves, which is
typically identified using the subscript s or 1/3.

9.2.4 Characteristic wave period

The preferred characteristic wave period is the energy period. The energy period is the
variance-weighted mean period of the one-dimensional period variance density spectrum (i.e.
variance spectral density as a function of period). The energy period shall be calculated using
moments of the wave spectrum, defined by Formula (8), according to the following equation:

T, =T qp = — (13)

mo

Addtional characteristic periods may also be calculated. The peak period(isthe inverse of the
freqliency associated with the maximum value of the wave spectrum:

T, =1/f, (14)

NOTHE The peak period is very sensitive to spectral shape and it is nat reCcommended that this period is usgd for
defining the wave energy resource

The |average period of zero-crossing waves can be )spectrally estimated according tg the
following formula:

9.2.% Spectral width
The |spectral width characterizes-the relative spreading of energy along the wave spectrum.

The|spectral width as defined” as the standard deviation of the period variance density,
normalized by the energy period:

€= |m7=2_1 (16)

9.2, Directionally resolved wave power

9.2.6.1 General

Resolving the omni-directional wave power to a direction 8 yields the time averaged energy
flux through an envisioned vertical plane of unit width, extending from sea floor to surface,
and with its normal vector parallel with 6. This directionally resolved wave power is the sum of
the contributions of each component with a positive component in direction 6, and is
calculated according to the equation:

]e =pg Zi,j Cg_iSi]-AfiABj COS(@ - 9])6

{(S‘:l, Cos(9—9j)20 (17)

§=0, cos (6-6;)<0

The maximum value of Jy is denoted as J0jmax and represents the maximum time averaged
wave power propagating in a single direction.
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NOTE Only wave power with a positive component in the direction of resolution contributes to the directionally
resolved wave power.

9.2.6.2 Direction of maximum directionally resolved wave power

The direction corresponding to the maximum value of J; should be taken as the direction of
maximum directionally resolved wave power, O),y.

NOTE The peak wave direction is typically defined as the direction associated with f,. The direction of maximum
directionally resolved wave power, 6;,,,, and peak wave direction, 6, may deviate significantly from each other. It is
not recommended to use the peak wave direction as it is highly unstable and does not represent the direction of
wave energy propagation.

9.2.6.3 Directionality coefficient

A characteristic measure of the directional spreading of wave power is the directiorjality
coefficient, which is the ratio of the maximum directionally resolved wave power, to the omni-
direg¢tional wave power. The directionality coefficient is calculated according to the following
equation:

J
d= _"If]"ax (18)

9.2.7 Wave system partitioning

The |[wave field at any given time and place may be composed of a collection of wave sys{ems
arriving from specific wind events that are occurring;'or have occurred, somewhere on the
ocegn surface. Partitioning of measured and modelled wave spectra allows the distinct wave
systems comprising the bulk wave field to be analyzed. Characteristic parameters cap be
calculated for each of the partitioned wave systems and the uncertainty can then be estimjated
basgd upon these refined characteristic_parameters (9.5). This approach will incrgase
confldence in the validated model results. If.wave system partitioning is employed in the wave
resource study, the methodology used and results shall be documented in the technical rgport
(10.9).

9.3 | Estimation of wave power using parameterized sea states

A Class 1 reconnaissance assessment may be performed using parameterized sea state data.
If parameterized records’ .are utilized, it is likely that sea state data will be limited to
characteristic wave height, the characteristic period, and possibly a characteristic dire¢tion
(i.e. [the direction asseciated with the principal component of the wave spectrum). Calculation
of the wave power requires assumption of a spectral shape scaled using the significant wave
height, characteristic period and water depth. The selection of the spectral shape should be
basgd on analysis of regional wave data and shall be reported and justified.

By gssuming a spectral shape (e.g. Pierson-Moscowitz), a relationship between the enjergy
perigdhand either the peak or zero-crossing period can be established. |e

NOTE 1 For example, for the P-M spectrum, T, = 1,20 T, = 0,857 T,,.

NOTE 2 For Wallops and JONSWAP type spectra, T, = T;;; (see Goda (2010): Random Seas and Design of
Maritime Structures, World Scientific)

By assuming that all of the variance of the sea state is propagated at the group velocity
associated with the estimated energy period, the wave power may be estimated according to
the following equation:

J =52 cg(Te, HR, (19)

The spectral width shall be calculated based on the assumed spectral shape.
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If no directional information is available then the directionally resolved power and associated
parameters may be omitted from the wave resource assessment.

9.4 Aggregation and statistics of results
9.4.1 General

Annual and monthly statistics for all wave energy resource parameters shall be calculated.
The statistics shall include

e Mean

e Jtandard deviation

e Median or 50th percentile
10th percentile

e 90th percentile

e Maximum value

e Minimum value

o Monthly variability
9.4.2 Mean

The [mean value, U, for each parameter, p, shall be calculated using (20)

U= S ENaDk (20)

NOTH The mean of the direction of maximum directionally resolved wave power needs to be considered carefully
becajise the angle wraps from 360° to 0°. The mean'direction can be obtained by considering each directior] as a
vector quantity.

L aretan |Bh=iPisin(@)
’ N, picos(6y)

9.4.3 Standard deviation

The [standard deviation, g, for each parameter, p, shall be calculated using Formula (21)

o= /ﬁzﬁﬂ(m{-u)z (21)

9.4.4 Percentiles

The Lxth percentile for each parameter n shall be calculated using linear interpolation
between the two nearest ranked values, where the rank, n, is calculated using Formula (22)

n=-—x+-= (22)
100 2

The 50t" percentile is also referred to as the median value.

9.4.5 Monthly variability

The monthly variability statistic, MV, provides a convenient measure of the variability of the
mean monthly wave resource over a typical year. For any parameter p, MV(p) is defined as

MV(p) = Pmax ~— Pmin (23)
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9.5 Uncertainty of the resource assessment
The purpose of the uncertainty analysis is to quantify the uncertainty of the wave resource

estimates that are produced. Table 7 shows the categories of uncertainty that shall be
considered and reported in any wave resource assessment.

Table 7 — Uncertainty categories

Uncertainty category
up Measurement uncertainty
Up Modellng uncertamty
Uupr Uncertainty due to long-term variability
Uc Combined uncertainty

The |measurement uncertainty shall describe all uncertainties associated with the measpred
wave data that is used in the resource assessment for validation of thé numerical model
output or for use in MCP; this includes uncertainties related to measuring properties of the
phygical environment and uncertainties related to deriving spectra‘@nd characteristic [sea-
stat¢ parameters from the measured data. The modelling uncertainty shall describe all
uncgrtainties associated with the wave model outputs and/or MCP outputs on which| the
resource estimates are based. The long-term uncertainty is rélated to the long-term variapility
of trLe wave climate over the study region and the possibility that the period chosen for
numerical modelling/analysis may not be fully representative of the long-term wave climatg, or
the yave climate over the life of a wave energy project.

Where applicable, uncertainties shall be calculated and combined using the procedures
defined in ISO/IEC Guide 98-3:2008 and/or the*tASME 20-2009. All methods, procedures|and
assymptions used to calculate the uncertaifnty of the wave resource assessment shall be
justified and clearly reported. Further details*on the evaluation of measurement uncertainiy as
appljcable to wave energy resource estimation are provided in Annex B. Further discussign of
longtterm uncertainty of the wave energy resource is provided in Annex C.

NOTHE Calculation of the uncertainty,in the resource assessment is highly complex and it is considereq that
currehtly there are not enough definitive procedures used for this clause to be overly prescriptive. It is exppcted
that gs experience in gained in calctilating the uncertainty of the resource assessment that further details may be
added to this sub-clause in future editions of this Technical Specification/Standard.

10 Reporting of results

10.1] Introductory remarks

A technicalireport shall be prepared to document the methodologies employed in the study
and
ener
stud : : e , : .
order to facmtate comparison W|th other resource assessment studies. The study results shall
also be archived in a digital database to ensure that they are available to future studies and
projects. For example, the results of a Class 1 reconnaissance resource assessment shall be
archived for use in future studies to assess the feasibility or design of a project within the
study area.

In cases where MCP methods are used to estimate the resource at one or more specific
locations, no information on the spatial variation of the resource between these locations will
be available; hence 10.5 does not apply. All of the locations where MCP methods have been
used to estimate the resource shall be treated as study points (see 10.2 and 10.6).
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10.2 Selection of study points

A number of specific locations within the study area shall be selected to serve as study
points. Each study point is a single location at which the wave resource is of interest and
detailed wave resource characteristics are produced and reported. When MCP methods have
been used, all MCP measurement locations shall be treated as study points. When wave
modelling has been used, the study points will normally be coincident with selected model grid
points. For these locations, the wave energy resource shall be characterized and reported in
greater detail. A sufficient number of study points shall be selected such that any significant
spatial variability in the resource is represented. The extensive data retained for these study
points (i.e. time history of the directional wave spectrum) may be considered for use as
bOUI ddly bUIIditiUIID ill bubacqucut atudica. If Ulliy UTIT atudy pU;IIt iD |dc||t|f|cd Vv;th;l the
study area, the wave climate at this point should be typical of the study area.

NOTH Typically there will be more than one study point in a wave resource assessment.
10.3] Technical report

A written technical report shall be prepared to document the methodolagies employed in the
resource assessment, and present a summary of the results. It shalllinclude informatioh on
the following topics:

e dlass and purpose of the resource assessment;
e ipntended resolution and level of uncertainty;

e (escription of the study area;

e dummary of raw data used as the basis of the assessment, including sources;

[ ]
o

escription of modelling methods;

e description of MCP methodology (if MCP methods are used);
e preparation of model inputs;

e model calibration and tuning;

e data used for model validation;

e rmodel validation procedures and validation results;

[ ]
Q)

nalysis of the model outputs;

e gstimation of long-term wave resource properties;
e [pgresentation of results;

e ynderlying assumptions;

e gssessment of uncertainty; and

e discussion of limitations / factors not taken into account.

Infofmation on other topics that are relevant to the resource assessment and necessafy to
gain a full understanding of the methodology and resulis, should also be included.

It is recommended that a short (2 to 4 pages) summary of the key findings of the resource
assessment is also produced, converting some of the more technical language into
information that could be readily understood by a non-technical user.

10.4 Digital database

The main results/outputs of the resource assessment shall be stored in an accessible, geo-
referenced, digital database. The main purpose of the database is to preserve the outputs of
the resource assessment for future uses. The database shall include information for each
model grid point (or MCP measurement site) where reliable estimates of the wave resource
have been obtained. However, in some cases it may be necessary to exclude information for
parts of the study area where reliable predictions could not be obtained due to limitations
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associated with the methodology, the boundary conditions, and the abilities of the wave
model, the model resolution, or some other factor. Each location shall be clearly identified by
the latitude, longitude and water depth below mean sea level. The database shall include, for
each location, full time histories for all wave resource parameters derived, in accordance with
Clause 9. In addition, for Class 2 and Class 3 assessments, and Class 1 assessments where
applicable, the full directional wave spectrum generated by the wave propagation model at
every time step shall be stored for all study points. Where MCP methods are used in the
resource assessment, the resulting wave resource parameter time-histories shall be stored in
the digital database.

Where a numerical wave propagation model is used in the resource assessment, the time-
varyjng boundary conditions, wind fields and current fields (if applicable) used to drivj the
numerical wave propagation model shall also be archived in the digital database. If pesgible,
the measurements used to validate the numerical model should also be archived in| the
datapase. Where MCP methods are used, the data from the MCP reference location shall be
archjved in the database.

resource and graphs illustrating the temporal variation, it is recommended that the digital
datapase be organized and formatted so that it can be integrated with or linked fo a
Geographical Information System (GIS).

To rEciIitate the preparation of maps illustrating the spatial variation;0f the wave energy

NOTHE GIS refers to a computer program designed to map and analyze multiple geo-referenced spatial datas¢

—_

S.

10.5| Presentation of regional information

casgs except when MCP methods are used), a set of maps shall be prepared and included in
the feport to illustrate the spatial variation of key)wave resource parameters across the study
area. The required and recommended parameters to be mapped are summarized in Tabje 8.
The [resolution of the maps shall be consistent with the resolution of the models used to
gengrate the data. For large and/or complex areas, several maps at different scales maly be
needed to ensure that the spatial variation in resource parameters throughout the study prea
can pe clearly displayed. Colour contour maps, like the image in Figure 3, are recommen/ded;
however, alternative presentations\are acceptable.

Where information on the spatial variation of the reseurce parameters is available (i.e.}‘r all

Table)8 — Summary of wave energy resource
parameters to be archived and mapped

eRequired oRecommended
Q%rameter Units Class of assessment
Reconnaiss | £ qipility | Design
ance

Meap water depth m . . °
Anngyalmean omni-directional wave power kW/m . . °
Extent of successful model validation ° . °
Monthly variability of omni-directional wave power kW/m o o
Annual mean significant wave height m o o o
Monthly variability of significant wave height m o o
Annual mean energy period S o o o
Monthly variability of energy period s o o
Annual mean spectral width - o o
Monthly variability of spectral width - o
Annual mean of maximum directionally resolved wave KW/m 5 o
power
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eRequired oRecommended
Parameter Units Class of assessment
el e Feasibility Design
ance
Monthly variability of maximum directionally resolved KW/m o
wave power
Annual mean direction of maximum directionally resolved de o o
wave power 9
Monthly variability of direction of maximum directionally de o
resolved wave power 9
Anngal mean directionality coefficient - o o
Monthly variability of directionality coefficient - o

5450000

5440000

5430000

J (kWim)

5420000

5410000

.
UL
,@m 272000 282000 292000 302000 312000 32200
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Figure 3 — Example map of mean annual wave power

NOTE It may be useful to prepare animations depicting the temporal and spatial variation of key resource
parameters. These animations may depict the evolution of monthly mean values over a representative year, or may
depict temporal and spatial variations over shorter time scales.

10.6 Presentation of information at study points

Additional figures shall be prepared and included in the report to further illustrate key
properties of the resource at one or more study points. The following figures are required.

e Annual scatter table showing the proportional frequency of occurrence of sea states,

parameterized in terms of the significant wave height, Hy,o, and energy period, T,. The
dimensions of each bin in the scatter tables shall be no larger than 0,5 m and 1,0 s. The
upper and lower bounds of the scatter tables should be selected such that a minimum of
99,9 % of sea states are included. An example is presented in Figure 4. Bins that contain
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data, but have a frequency of occurrence of less than 0,01 % shall be represented by an
asterix followed by the number of occurrences, e.g. x 2 represented as bin with
2 occurrences.

e Graphical and/or tabular presentation of the annual variation of the long-term monthly
mean values of the following parameters:

— significant wave height, Hp,0;
— energy period, Ty;
— omni-directional wave power, J (an example is presented in Figure 6);

PA-SSCHAAH dircecticonallvy racalvuad \wava oy
Tt

e Annual wave rose depicting the long-term joint distribution of:

4 maximum directionally resolved wave power, Joymax: and the direction  of lmaximum
directionally resolved power, 6;,.,. (an example is presented in Figure 5).

The [following optional illustrations are recommended to further illustrate cadditional attributes
of the wave resource at reference sites.

irectionally resolved annual scatter tables showing the, @proportional frequency of

0

qccurrence of sea states, parameterized by H,, and T, for various directional sectors.
The dimensions of each bin in the scatter tables shall be’ no’ larger than 0,5 m and 1,0 s.
The maximum size of each directional window shall be 45, however a finer discretization
af direction is preferred. It is recommended that sea states be partitioned into directional
windows based on the direction of maximum difectionally resolved wave power.|The
method used to partition sea states into directiopal windows shall be documented.

e (Graphical and/or tabular presentation of thevannual variation of the long-term monthly
mean values of the following parameters:

-+ direction of maximum directionally resolved wave power,6;yax;

directionality coefficient,dy;

spectral width,e,.

e Graphical presentation of the annual and monthly cumulative distributions of the follojving
parameters:

significant wave height, H,;

<+ energy periodT5;
41 omni-directional wave power, J (an example is presented in Figure 6);

4 maximumdirectionally resolved wave power, J0ymax
-+ direstien of maximum directionally resolved wave power, 6jyay;

14 directionality coefficient, dg;

4 ] HPAEY S
opcuLirar wiutit, CO.

In addition, the temporal fluctuation of the following parameters over selected periods may be
plotted for illustrative purposes:

e significant wave height, H,q;

e energy period, Tg;

e omni-directional wave power, J;

e maximum directionally resolved wave power, Joymaxs

e direction of maximum directionally resolved wave power, 0)y,y;
o directionality coefficient, dg;

e spectral width, €.


https://iecnorm.com/api/?name=963824b22d30db043a85ce233092e425

-40 - IEC TS 62600-101:2015 © IEC 2015

The time histories should be plotted at the maximum available resolution for a single
representative year. The scale of the plots shall be sufficient so that the temporal variations in
the records can be clearly discerned.

Energy period (s)

<5 5-6 6-7 7-8 8-9 9-10 | 10-11 ( 1112 [ 12-13 | 13-14 | >14 %

>5 0,00 ( 0,00 | 0,00 0,00 | 0,00 | 0,00 ( 0,00 | 0,00 | 0,00 [ 0,00 | 0,00 0,01

4,5-5 | 0,00 [ 0,00 | 0,00 | 0,00 | 0,00 [ 0,01 0,00 | 0,00 | 0,00 | 0,00 | 0,00 0,01

4-45 | 0,00 | 0,00 [ 0,00 0,00 | 0,01 0,01 0,00 [ 0,00 | 0,00 | 0,00 [ 0,00 0,02

3,5-4 | 0,00 | 0,00 [ 0,00 [ 0,01 0,04 | 0,03 | 0,00 [ 0,00 | 0,00 [ 0,00 | 0,00 0,p7

3-3,5 | 0,00 | 0,00 [ 0,00 0,12 | 0,22 0,09 | 0,00 | 0,00 [ 0,00 | 0,00 | 0,00 0,43

2,5-3 | 0,00 [ 0,00 | 0,04 | 0,56 | 0,81 0,36 | 0,00 [ 0,00 | 0,00 [ 0,00 | 0,00 1,F6

2-2,5 | 0,00 | 0,00 | 0,37 1,76 | 2,03 | 0,80 | 0,00 [ 0,00 | 0,00 [ 0,00,/\0,00 4,p7

hai

Significant wave

1,5-2 | 0,01 0,01 1,74 | 4,91 4,59 1,36 | 0,02 ( 0,00 | 0,00 | 000 | 0,00 12|65

11,5 | 0,06 | 0,32 | 5,19 | 11,74 | 7,76 1,97 | 0,05 | 0,00 | 0,00~N0,00 | 0,00 27108
0,5-1 0,09 1,82 | 12,86 | 16,34 | 6,89 | 3,18 | 0,08 | 0,01 0,000 | 0,00 | 0,00 41128

0-0,5 | 0,09 | 0,46 | 3,61 2,37 | 2,50 2,65 | 0,05 | 0,007\ 0700 | 0,00 | 0,00 11|74

% 0,25 | 2,61 | 23,81 | 37,81 | 24,85 | 10,45 | 0,21 0,02/ 0,00 | 0,00 | 0,00 104,00

IEC

Figure 4 — Example of a scattertable summarizing
a long-term wave climate in terms of H , and T,

P (kW/m)

H 60 - 70
B 50 - 60
1 40-50
1 30 - 40
1 20 - 30
B 10-20
Bl o-10

IEC

Figure 5 — Example of a wave power rose
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Annex A
(informative)

A method for sensitivity analysis

A.1 General

Sensitivity studies are recommended in this Technical Specification as a method of
detefmining whether a component of a numerical model has an insignificant effect on the
estimation of the wave resource. If a model component is shown to have an insignificant
effe¢t then it can be omitted from the numerical model. This will most commonlybe) applied
whep omission of the model component will reduce the modelling effort requiréed, ejther
becguse the numerical model becomes computationally less demanding, or less\detailed data
is rejquired. A sensitivity analysis can be performed using a number of different'methods. [This
Anng¢x describes a method for sensitivity analysis that is suitable for robustly determining the
sign|ficance of a component of a numerical model. Alternative methods-may be used provided
that they are shown to be adequate.

A.2| Specification of significance

In thiis method significance shall be determined by runningthe numerical model both including
and |excluding the model component being investigaiéd. For a single sea state the effeft of
the [model component shall be determined with~reference to the wave power and| the
sign|ficant wave height throughout the studysarea. The threshold used to determine
sign|ficance shall depend on the class of the tesource assessment, as defined in Clauge 5.
TabaIE A.1 details the threshold difference between the results to determine whether the model

component has a significant effect; if thecomission of the model component has an efffect

greater than the threshold percentage theh the effect is considered significant.

Table A.1 — Recommended sensitivity thresholds

Threshold percentage difference
Cllass Class of study
Wave power Significant wave height
Clags 1 Reconnaissance. 20 % 10 %
Clags 2 Feasibility 12 % 6 %
Clags 3 Design 6 % 3%

The |early stage of the wave energy industry means that there is relatively little experienge in
specn‘ylng acceptable levels of S|gn|f|cance The thresholds given in Table A.1 are provided
as i j

percentages are used these shaII be stated epr|C|tIy and just|f|ed approprlately

A.3 Sample sea states

It is necessary that the model component has an insignificant effect in a representative range
of sample sea states. . The representative sea states may be selected based on boundary
conditions, as a robust data set may not yet be modelled throughout the study area at the
time of a sensitivity study. Sample sea states shall be randomly selected from all the cells in a
scatter table defined by the significant wave height and energy period. The dimensions of
each bin in the scatter tables shall be no larger than 0,5 m and 1,0 s for the significant wave
height and energy period respectively. In addition, the set of sample sea states shall contain
at least one sample from each cell in the scatter table with a relative frequency of occurrence
greater than 0,1 %. Additional sample sea states shall be added to the set to satisfy this
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condition. Appropriate values shall be selected for the model component being investigated
based on the full range of values expected in the study area.

The sample sea states used for the sensitivity analysis shall be recorded together with the

results of the sensitivity analysis.

A.4 Condition of insensitivity

The numerical model shall be considered to be insensitive to a particular model component if

the

ercentage of sample sea states defined as having a significant effect on both wave

power and significant wave height is less than the threshold defined in Table A.2.

Table A.2 - Recommended condition of insensitivity

Class Class of study Maximum percentage of sea states where there is a‘'significant effect

Clags 1 Reconnaissance 5%

Clags 2 Feasibility 2%

Clags 3 Design 1%
The |early stage of the wave energy industry means that there is relatively little experi¢nce
available for specifying acceptable levels of significanceThe thresholds given in Tablg A.2
are provided as initial guidance and serve as recomfendations. Where different threshold
percentages are used these shall be stated explicitly;and justified appropriately.
NOTH It is important the same resource assessment class»is used for both the Specification of significancg¢ and
the Cpndition of insensitivity.
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Annex B
(normative)

Evaluation of measurement uncertainty

B.1 General

The specification of the wave energy resource shall include an estimate of its uncertainty. The
estirhate shall be based on TSO/TEC Guide 98-3.

Follgwing ISO/IEC Guide 98-3, there are two types of uncertainty: category A, the"magnitude
of which can be deduced from measurements, and category B, which are estimated by qther
meaps. For both categories uncertainties are expressed as standard deviations and| are
dengted standard uncertainties.

B.2| Uncertainty analysis

The [wave energy resource is defined by a multitude of parameters, for each of which an
uncgrtainty can be calculated. The choice of parameters forlwhich the uncertainty should be
calcplated depends on the purpose of the wave energydresource analysis. However, as a
minimum, the uncertainty of the significant wave height, energy period and estimated annual
averpge wave power shall be calculated.

Uncertainties in measurements and model outputs are converted to uncertainties in these
paragmeters by means of sensitivity factors.

Table B.1 contains a minimum list of udcertainty components that shall be included in the
uncgrtainty analysis.

Table B.1°="List of uncertainty components

Neasured/model Uncertainty component Uncertainty
parameter category
Significant wave height | Wave measuring instrument/model calibration B
Influence of moorings and/or other local effects on WMI B
Data acquisition system (e.g. sampling duration) B
Enefgy period Wave measuring instrument/model calibration B
Influence of moorings and/or other local effects on WMI B
Data acquisition system (e.g. sampling duration, windowing) B
Strength of marine currents B
Annual mean wave Water depth A/B
power Water density A/B
Inter-annual variability of significant wave height/energy period A

Where category A uncertainties are used the measurement and analysis methods shall be
described. Where category B uncertainties are used the means by which the standard
deviation has been determined shall be described.
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