88/1038/NP

NEW WORK ITEM PROPOSAL (NP)

PROPOSER: DATE OF PROPOSAL:
United States of America 2024-06-20
DATE OF CIRCULATION: CLOSING DATE FOR VOTING:
2024-06-21 2024-08-16
IEC TC 88 {WIND ENERGY GENERATION SYSTEMS
SECRETARIAT: SECRETARY:
Denmark Mrs Christine Weibgl Bertelsen
NEED FOR |IEC COORDINATION: PROPOSED HORIZONTAL STANDARD:
Il
Other TC/SCs are requested\to indicate their interest, i{ any, in this
NP to the TC/SC secretaty,
FUNCTIONS [CONCERNED:
[ EMC XI ENVIRONMENT X QUALITY ASSURANCE [ SAFeTY
TITLE OF PRIOPOSAL: Q\)
Wind en¢rgy generation systems - Part 15-2: Framework for assessment and reporting of the wind
resourcqd and energy yield
9
[X] STANDARD [] TECHNICAL SPECIFICATION [] PUBLICLY AVAILABLE SPECIFICATION
PROPOSED PROJECT NUMBER: 61400-15-2
SCOPE \»
(AS DEFINEQ IN ISO/IEC DIRE |€2, PART 2, 14):
The scopg of this standard is the assessment and reporting of site-specific wind conditions and erfergy yield
for wind power plants. This includes the following key scope components:
. all mgasdurement, analysis and evaluation steps including data analysis, modeling, loss agsessment
and net dnergy production estimation for wind power stations as required to make the results reproducible
and traceable to national standards;
. definition of documentation and reporting requirements to make the results traceable to national
standards;
. definition of a digital exchange format for energy yield reporting to facilitate efficient information
exchange;

Copyright © 2024 International Electrotechnical Commission, IEC. All rights reserved. It is permitted to download this
electronic file, to make a copy and to print out the content for the sole purpose of preparing National Committee positions.
You may not copy or "mirror" the file or printed version of the document, or any part of it, for any other purpose without

permission

in writing from IEC.


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

IEC NP 61400-15-2 © IEC 2024 2 88/1038/NP
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where scientific consensus in lacking will be included as informative annexes.
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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization compyising
trotechnical committees (IEC National Committees). The object of IEC is to promote international co-oper
5tions concerning standardization in the electrical and electronic fields. To this end and in addition to othe|
publishes International Standards, Technical Specifications, Technical Reports, Publicly Available Specifica
Guides (hereafter referred to as “IEC Publication(s)”). Their preparation is entrusted to technical committeeg
onal Committee interested in the subject dealt with may participate in this preparatory work/ International, go
non-governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates d
International Organization for Standardization (ISO) in accordance with conditions~determined by agreeme
two organizations.

formal decisions or agreements of IEC on technical matters express, as nearly ‘as possible, an international
pinion on the relevant subjects since each technical committee has repreSentation from all interested IB
hmittees.

Publications have the form of recommendations for international use and are accepted by IEC National Coj
sense. While all reasonable efforts are made to ensure that the technical content of IEC Publications is ac
hot be held responsible for the way in which they are used or for any misinterpretation by any end user.

maximum extent possible in their national and regional pdblications. Any divergence between any IEC Publ
corresponding national or regional publication shall be-Clearly indicated in the latter.

itself does not provide any attestation of conformityi tndependent certification bodies provide conformity 3
ices and, in some areas, access to IEC marks of’conformity. IEC is not responsible for any services car
pendent certification bodies.

sers should ensure that they have the latestiedition of this publication.

iability shall attach to IEC or its directors,"émployees, servants or agents including individual experts and 1
re whatsoever, whether direct or inditect, or for costs (including legal fees) and expenses arising out of the
of, or reliance upon, this IEC Publication or any other IEC Publications.

ntion is drawn to the Normative\references cited in this publication. Use of the referenced publications is ind
he correct application of thisspublication.

ntion is drawn to the possibility that some of the elements of this IEC Publication may be the subject of p4
shall not be held regpoansible for identifying any or all such patent rights.

nain task of NEC technical committees is to prepare International Standards. In ex

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

th
no

all national
htion on all
I activities,
ions (PAS)
s; any IEC
vernmental
losely with
ht between

consensus
C National

hmittees in
Curate, |IEC

rder to promote international uniformity, IEC National Comniittees undertake to apply IEC Publications trangparently to

cation and
ssessment

Fied out by

hembers of
age of any
ublication,

ispensable

tent rights.

ceptional
when

, despite

immediate possibility of an agreement on an International Standard.

uture but

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

IEC 61400-15-2, which is a standard, has been prepared by IEC technical committee 88: Wind energy
generation systems.

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
88/XXX/DTS 88/XX/RVC
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Full information on the voting for the approval of this standard can be found in the report on voting
indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

As the title of TC 88 was changed in 2015 from Wind turbines to, Wind energy generation systems a list
of all parts of the IEC 61400 series, under the general title Wind turbines and Wind energy generation
systems can be found on the IEC website.

Mandzlatory information categories defined in this Standard are written in capital letters;| optional
information categories defined are written in bold letters. The committee has decided that the|contents
of thig publication will remain unchanged until the stability date indicated on the IEC)webs|te under
"http:/fwebstore.iec.ch" in the data related to the specific publication. At this date, the-publicatipn will be

e | reconfirmed,

o | withdrawn,

o | replaced by a revised edition, or

e | amended.

A bilingual version of this publication may be issued at a later.date.

The National Committees are requested to note*that for this publication the stability date is 2(025.

THIS [TEXT IS INCLUDED FOR THE INFORMATION OF THE NATIONAL COMMITTEES AND WILL BE DELETED AT THE
PUBL|CATION STAGE.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understandling
pf its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

This standard defines a framework for assessing and reporting wind resource and energy yield for both
onshore and offshore wind power plants. The standard has been prepared with the intention that it will
be beneficially applied by:

This sfandard addresses these technical’and commercial needs:

The fgllowing tasks were addressed to meet these goals:

Field Measurement Practitioners:
To provide a set of guidelines for the specification and installation of field measurement
equipment and management of wind data.

Developers:

Taohavaagcatof carndalinac by avwyhich 0 Aot mad racoliren acocncom
ooV oo T oOTguta e o u] WHHER-t6 S CoTgTt WHefFeseufree-asSessm

reproducible and comparable energy yield and site suitability studies.
Consultants/Independent Engineers:

To have a comprehensive set of standard criteria and project data for the evaluation of projects
and the reporting of methodology, uncertainty and losses.
Manufacturers:

To have a set of standard criteria and input data from which loading and suitability determinations
can be calculated.
Owner/Operators:
To aid in judgement of asset performance and investment quality based on pre-cor|struction
analysis.
Advisors/Lenders/Banks/Investors/Insurers:
To have a standard by which to evaluate an independent energy assessment, and to [compare
nssessments from multiple Consultants/Independent Engifeers.
Regulatory Authorities:

For the assessment of projects proposed for interfconnection and the evaluation of cymulative
mpacts of neighbouring projects.

Grid Operators:

For the understanding of regional curtailment'requirements.
Research Organizations:

To identify gaps in knowledge, help prioritize research and as an outlet for the results of agcademic
Fesearch.

igRs—ang prepare

¢ | Improve consistency, qualityand uniformity of reporting of wind resource and energy yleld
assessments and site suifability inputs, and

e | Enhance ability to compare and evaluate results of wind resource and energy yield
assessments and site‘suitability inputs through common reporting and uncertainty
quantification framework.

¢ | Develop a.standard framework, methods, content, and uncertainty calculations for wing
resource_and energy yield assessments
o | Develop/a standard reporting format and digital exchange format for wind resource and energy
yietd\assessments
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Energy
Capacity
Power Factor
Other Key
Availability Regu!atory Performance
Retail Utilities Indicators
Power Trader/Market Organizations
External Data Users — Energy Production
Customer / Grid . . ForecaStihe
Requirements Wind Power Station
Internal Data Users — Asset Management
Lost Energy / H H Scheduling
ot Pro_;ec? Dev?:‘oper, Desrgners/.Manufacturers oaM
Engineering Financiers, Insurers, Policy Makers
Maintenance Provider,
Operator
Owners Parts /
Performance Components
Modelling
Cost/ AN\ Labor

Revenueg

Figure 1 — Data stakeholders for a wind power station

The bgasic and fundamental goal is to present a standardized framework for reporting and calculating the
uncerfainties associated with wind resource characterization and energy yield assessments. This will be
supported with the development and presentation of methodologies on site assessment and thg creation
of a s¢t of standard reporting requirements which detail the measurement campaign, analysis processes,
and cpnsiderations taken by the author. The normative requirements shall not restrict or pre¢lude the
employment of scientifically. sound methods of measurement, modeling and analysis, but will ensure that
the prpcesses and resulting quantification are documented by a standard method.

The methodologies\presented provide a framework to evaluate the project data and methods g¢mployed
to anglyse wind<{resource and site suitability inputs. The reporting procedures will provide trangparency
to repprt readers about the considerations taken during analysis and provide confidence that [analyses
consider al “Key criteria and procedures identified in this standard.

The uhcertainty categorization ensures that results of diverse assessment methods can be commonly
described and presented. The standard uncertainty calculation protocols shall further facilitate the inter-
comparison of results by providing the minimum requirements for assigning values to the uncertainty
categories.

The standardized reporting process provides a discrete list of criteria which must be considered and
reported on for all projects, as well as common definitions for key parameters and processes. The
uncertainty model defines the contributing components in each of the categories and, where possible,
provides techniques for assessing and combining uncertainties. Standardized methods are presented
for assessing and reporting site suitability input parameters as defined by the IEC design standards.
Best practices, including multiple approaches to common problems and assessment tasks, are
presented.

Mandatory information categories defined in the Technical Standard are written in capital letters; optional
information categories defined in the Technical Standard are written in bold letters.
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WIND ENERGY GENERATION SYSTEMS -

PART 15-2: FRAMEWORK FOR ASSESSMENT AND REPORTING OF THE WIND
RESOURCE AND ENERGY YIELD

1 Scope

This pgar ;

mict g star rting of the
wind resource and energy yield both on

1) Dgfinition, measurement, and prediction of the long-term meteorological and wjnd flow
chiaracteristics at the site

2) Infegration of the long-term meteorological and wind flow characteristics with wind turpine and
bglance of plant characteristics to predict net energy yield

3) Characterizing environmental extremes and other relevant plant design drivers
4) Agsessing the uncertainty associated with each of these steps

5) Addressing documentation and reporting requirements to helps ensure the traceability of the
agisessment processes and efficient exchange of results

The framework has been defined such that applicable national\norms are considered and indystry best
practites are utilized.

The npeteorological and wind flow characteristics addréssed in this document relate to winfl turbine
operaling conditions, where parameters such as:wind speed, wind direction, air densify or air
temperature are included to the extent that they. affect the operation and structural integrity of wind
turbing generating systems and energy production analysis.

Accorgling to IEC 61400-1 and 61400-3>the site-specific conditions can be broken down into wind
condiﬂions, other environmental conditions, soil conditions, ocean/lake conditions and Electrical
conditions. All of these site conditiohs other than site specific wind conditions and related dgcuments
are oyt of scope for this standard:

This S'Eandard is framed to complement and support the scope of related IEC 61400 series starldards by
definimg environmental input conditions. It is not intended to supersede the design and suitability
requirements presented in those standards. Specific analytical and modeling procedures as described
in [IEC 61400-1, 6140032, and 61400-3 are excluded from this scope.

This document-also includes informative annexes with:

e | Annex A:

e | Arhex B:

e Annex C:

e Annex D: examples of how to determine the loss and uncertainty category for the wind power
station,

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

IEC 60050 (all parts), International Electrotechnical Vocabulary (available at
<http://www.electropedia.org/)
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IEC 61400-1, Wind turbines — Part 1: Design requirements
IEC 61400-12:2016, Wind turbines — Part 1: Power Performance Testing

IEC TS 61400-26-1:2011, Wind turbines — Part 26-1: Time-based availability for wind turbine generating
systems

IEC TS 61400-26-2:2014, Wind turbines — Part 26-2: Production-based availability for wind turbines

3 Terms, definitions and abbreviations

For the purposes of this document, the following terms, definitions and abbreviations apply, as well as
the relevant terms and definitions contained in IEC TS 61400-26-1,
IEC Tp 61400-26-2 and IEC 60050-415.

3.0
actual service
the adtual level of a Service provided by the WPS as measured at the network connection poin

—

3.1
appli¢ation programming interface (API)
a softyvare interface that facilitates communication between computer systems

Note 1 fo entry: Wind EYA DEF data may be exchanged over APIs.

3.2
balange of plant (BoP)
infras]‘ructure components of the WPS with the-exception of the WTGS(s) and its internal components
and slibsystems

Note 1 fo entry: The infrastructure normally consists of site electrical facilities, monitoring and control (often call¢gd SCADA)
as welllas civil plant (such as foundations and reads) which support the operation and maintenance of the WTGS(s).

3.3
capadity
the legser of the installed capacity and export capacity for a WPS, which represents the maximym power
the WIPS can produce and export, and is used as the reference power when calculating the|capacity
factor

3.4
capadity factor
an energy yield estimate normalised by the energy yield that would be produced if the WPS odtput was
alwaysg at full. capacity, expressed as a percentage

Note1 n&n:- f‘r- oo OCananit, I:n 4 T If‘f‘l:\ 'n th anacity fantar 1 In re Hn nnnnnn tor ic hacad A th AeFen y|e|d from

SRt Gross—Capacity 1 the-capascity-facterw Rrumerator-ts—based-enthe—en
the turbines based on their wind speed frequency distribution and power curve, prior to the application of losses from gross
energy capacity factor. Net Capacity Factor (NCF) is the capacity factor where the numerator is based on the energy yield after
applying losses from gross capacity factor.

3.5

complex terrain (from IEC 61400-1)

surrounding terrain that features significant variations in topography and/or terrain obstacles that may
cause flow distortion

3.6

constrained potential service

the calculated level of a Service provided by the WPS as measured at the network connection point
based on design criteria, technical and operating specifications, and site conditions
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Note 1 to entry: Operating specifications shall include externally caused set-points such as Grid or contractually imposed
constraints.

3.7

cross prediction

Predict an attribute at one measurement location based on input data to a flow model that is restricted
to input conditions from a single measurement location based on the data from a single different
measurement location.

3.8
Ct
Thrust coefficient

3.9
energly yield assessment digital exchange format (EYA DEF) for wind
a schpma (data model) for wind EYA reporting data defined as part of this, standard to |facilitate
automated data exchange by software systems

3.10
energly weighting (w,, or w,))the energy weighting is the fraction of plani-energy represented by each
mast, lexpressed as a percentage

3.1
ERA
ECMWEF atmospheric reanalyses of the global climate; theycurrent generation is the fifth-ggneration
whichlis referred to as ERAS.

3.12
export capacity
the maximum permanently transmittable powerfrom the WPS at the grid connection

3.13
flow fjeld
Wind flow calculations in a structured grid of calculation points which can be visualized withip a given
domain or defined polygon encompassing the area of interest

3.14
flow ipclination
Terraip induced flow difection away from horizontal. (“+”=upward,

3.15
Grid
electrical network to which the WPS is electrically connected

=downwind)

Note 1 fo entry: The WPS delivers its services into the Grid. The interface between the Grid and the WPS interngl electrical
systemlis the network connection point often referred to as the Point of Common Coupling (PCC).

3.16
installed capacity
the maximum power production of the WPS under typical conditions

3.17

intended function

the ability of an apparatus, machine or system to consistently perform its required function within its
design specification
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3.18

inter-mast correlation coefficient (c,,,)

the inter-mast correlation coefficient, expressed as a unitless value between 0 and 1, is a measure of
the strength of a linear relationship between categories and subcategories of uncertainty across masts

3.19

JavaScript Object Notation

JSON

an open and widely used data-interchange and file format

3.20
JSON|Schema
a decllarative language for defining JSON document structure, adding annotations ta“that stru¢ture and
facilitating data validation

Note 1 fo entry: The EYA DEF takes the form of a JSON Schema.

3.21
lost service
a serVice not supplied

Note 1 fo entry: See Error! Reference source not found..

3.22
mean|wind speed (from IEC 61400-1)
statisical mean of the instantaneous value of the wind ‘'speed averaged over a given time period which
can vary from a few seconds to many years

3.23
mode| appropriateness
Physi¢al scientific and demonstrated ability* of model to capture influencing factors

3.24
mode] inputs
Fidelily & appropriateness given sensitivity of model to - terrain data, roughness, forestry info,
atmos|pheric conditions

3.25
mode]| stress
Magnitude of variation and complexity of influencing factors (e.g. Forestry, Stability, steep slopes,
distanfce, elevation, veer) acting on the model when determining wind conditions for the turbine Jocations

3.26
obsernvation height

3.27

OEPR

Operational Energy Production Report; a report that describes the result of energy yield analysis
based on operational data.

3.28

OEPR verification process

method that the on-site wind measurements by production data from nearby existing wind turbines
replaces in a wind potential and energy yield assessment procedure. The original driving wind data for
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a flow model, e.g. Mesoscale data or ERA5/Merra-2 data, are verified, or — if necessary — adjusted by

using this production data of the nearby wind turbines.

3.29

oP

abbreviation for “Operational®

3.30

orographic effects

Orography=terrain, aka terrain effects. Detached flow/speed-ups/speed-downs at mountains, hills or
valleys.

3.31

physigal potential service

the c3

based on design criteria, technical specifications and site conditions

Note 1 fo entry: The potential service is the physically possible level of service.
3.32
potential service

calcul

3.33

bted value of physical potential service or constrained potential service as is appropriate]

predi¢tion height

3.34

refergnce wind speed Vs (from IEC 61400-1)

basic

Note 1
for whi
equal t

3.35

parameter for wind speed used for defining wind ' turbine classes.

o entry: A turbine designed for a wind turbine class with a reference wind speed V., is designed to withsta
h the extreme 10 min average wind speed with a'técurrence period of 50 years at turbine hub height is lo
Vref-

roughness length z, (from IEC 61400-1)

extragolated height at which the mean wind speed becomes zero if the vertical wind profile is
to havle a logarithmic variation with height

3.36
sensi

ivity factor
0E AE

Sus =50 = 40

the sqgnsitivity factor, expressed as ratio, is the change in plant energy output (4E) per unit g
wind gpeed (40)

3.37

Iculated level of a Service provided by the WPS as measured at the network conné€ction point

hd climates
ver than or

assumed

hange in

site riiggedness index, RIX
complex terrain indicator: percentage of local terrain possessing a slope which exceeds a critical value

of 0.3

3.38

[Mortensen et al., 1996]; referred to as “RIX”

service
provision delivered by the WPS

Note 1

3.39

to entry: Services may include, but are not limited to, supply of active energy, reactive energy and support of electrical
stability of the Grid. Aviation warning is another example of a Service.

spatial extrapolation
Horizontal extrapolation of wind conditions from measurement location(s) to wind turbine location(s)
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3.40

stability (atmospheric)

Atmospheric stability refers to a particular state of the atmosphere and there are two formally defined
terms from the field of atmospheric science, dynamic stability and static stability. Dynamic stability is a
measure of the ability of a fluid to resist or recover from finite perturbations of a steady state and is
commonly described by the Richardson Number. A negative value of dynamic stability is equivalent to
dynamic instability. Static stability, also called hydrostatic stability or vertical stability, is the ability of a
fluid at rest to become turbulent or laminar due to the effects of buoyancy. Static stability is commonly
described by the change in potential temperature with height, or approximated, with appropriate care,
by the change in air temperature with height.

3.41
supenvisory control and data acquisition (SCADA)
system operating with signals over communication channels so as to provide control of equipment and
for gathering and analysing real-time data

3.42
total incertainty (6:a1)
the tofal combined uncertainty, expressed as a percent of energy, is the 'standard deviation (standard
uncerfainty) of the distribution of combined energy uncertainties from all categories and subcategories
listed in Table 8-1 and Table 8-2

3.43
transmission system operator (TSO)
operator that transmits electrical power from generatioh plants over the Grid to regional| or local
electricity distribution operator

3.44
uncerntainty components (g;, ;)
the urjcertainty estimate, expressed as a percent of wind speed or energy, from each of the categories
and slibcategories listed in Table 8-1 and Table 8-2

3.45
veer

Veering winds are those which shift in a clockwise direction with time at a given location (e.g.,|from

southgrly to westerly), or which change direction in a clockwise sense with height (e.g., southgqasterly
at the|surface turning tosquthwesterly aloft). The latter example is a form of directional shear which is
impor{ant for tornadoformation. Compare with backing winds. Which are winds which shift in g
counterclockwise direction with time at a given location (e.g. from southerly to southeasterly), pr
change direction.inia counterclockwise sense with height (e.g. westerly at the surface but becgming

more southerly-aloft). In the practice of wind energy analysis, the term veer is often used to refer to the
quantity of wind’'direction change with height, regardless of whether the change is clockwise of
counterclackwise.

3.46

vertical extrapolation
extrapolation of mean wind speed or Weibull-A parameter from one height above ground level
(observation height) to another (prediction height)

3.47

Weibull distribution Pyy (from IEC 61400-1)

3.48

probability distribution function, see wind speed distribution
3.49

wind power station (WPS)
station consisting of the WTG(s) and the infrastructure (often called BoP) which support transfer of
energy between the WTG(s) and the Grid
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517 3.50
518  wind profile — wind shear law (from IEC 61400-1)
519 mathematical expression for assumed wind speed variation with height above ground

520 NOTE Commonly used profiles are the logarithmic profile

Viz) = V@)_M
521 In(z/z0) (1.1)
522 and the power law profile

Ve =r )| 7, |
523 " (L-2)
524 where

525 V(z) |s the horizontal wind speed at height z;
526 z s the height above ground;
527 z s a reference height above ground used for fitting the profile;

528 z0 s the roughness length; and

529 a s the wind shear (power law) exponent.

530

531 3.51

532 windIhear (from IEC 61400-1)

533  variation of wind speed across a plane perpendicular to the wind direction
534

535  3.52

536

537  wind ghear exponent « (from IEC 61400:1)
538 also cpommonly known as power law exponent, see wind profile — wind shear law

539  3.53

540 wind gpeed V (from IEC 61400-1)

541 ata s;fecified point in spacerit is the speed of motion of a minute amount of air surrounding the gpecified
542 point

543  3.54
544  wind gpeed distribution (from IEC 61400-1)
545  probapility distribution function, used to describe the distribution of wind speeds over an extended
546 period of time

547 NOTE [ Often-tsed distribution functions are the Rayleigh, PR(Vo), and the Weibull, PW(Vo), functions

a

R =1-exp|-7(V,/27,..) |

Ry(Vy)=1-exp[ (v, /€)' |

548 (1.3)
1
Cri+—)
With V qye = k
540 Crz/2if k=2 "
550 where

551 P(V0) is the cumulative probability function, i.e. the probability that V<Vo;

552 VO is the wind speed (limit);
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Vave

is the average value of V;

C (or A) is the scale parameter of the Weibull function;

k

G

is the shape parameter of the Weibull function;

is the Euler gamma function.

Both C and k can be evaluated from real data. The Rayleigh function is identical to the Weibull function if k = 2 is chosen and
C and Vave satisfy the condition stated in (equation 1.4) for k = 2.

The distribution functions express the cumulative probability that the wind speed is lower than V0. Thus (P(V1) — P(V2)), if
evaluated between the specified limits V1 and V2, will indicate the fraction of time that the wind speed is within these limits.

Differel

3.55
WPS

perfor

3.56
WPS
opera

3.57
WTG
wind {|

4 S

4.0
A (or

D1y, 36

f
k

Pr(V,
Py (Vg
V(z)
ave

Ve N

pred

Vso

tiating the distribution functions yield the corresponding probability density functions

maintenance provider
provider typically providing the maintenance of the WPS or parts therein. WPS maintenanc

med by multiple providers

bperator

or typically responsible for providing the services of the WPS to off:takers

urbine generator

ymbols and Units

Symbols

) scale-parameter of the Weibull distribution [m/s]
standard deviation of terrain variation.Az of the 360-degree circle area [m]
frequency [s™"]
shape parameter of the Weibult distribution function [-]
Rayleigh probability distribution, i.e. the probability that I'<V/, [-]

) Weibull probability distribution [-]
wind speed at height z [m/s]
annual average wind speed at hub height [m/s]

expected extreme wind speed (averaged over three seconds), with a recurrence

P can be

ref

V(z,1t)

X, ), Z

Zhub

20

time interval of N years. Vg4 and Vg, for 1 year and 50 years, respectively [m/s]
wind-speed at prediction (e.g. hub) height [m/s]
Extreme wind speed (avg. over 10 minutes) with recurrence interval of 50 years [m/s]
reference wind speed [m/s]
longitudinal wind velocity component to describe transient variation for extreme

gust and shear conditions [m/s]
co-ordinate system used for the wind field description; along wind (longitudinal),

across wind (lateral) and height respectively [m]
hub height of the wind turbine [m]
reference height above ground [m]
roughness length for the logarithmic wind profile [m]

wind shear power law exponent [-]
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Gy ve dimensionless uncertainty in vertical extrapolation of mean wind speed or Weibull-
scale parameter [-]
GUgps dimensionless uncertainty of wind speed measurement [-]
Grep» Oprops Oaric  dimensionless uncertainty subcomponents [-]
RIX site ruggedness index [%]
4.1 Units
min
minute
km
kilometre
5 Introduction to Wind Resource and Energy Yield Assessment (EYA)
Wind Resource and Energy Yield Assessment (EYA) is the process by, Which energy to be profluced by
a WPS$ is estimated given relevant input data and assumptions. The \outputs of the EYA prgcess are
typically used to inform strategic, project development, pricing/bidding, and associated or final|financial
investment decisions on a project or portfolio level. Input data minimally include WTG Ipcations,

topogfaphic and physiographic information, meteorological \measurements or operational {
referepce wind turbine, and wind turbine power curves. Depending on WPS complexity and co
requirements, additional data inputs may be deemed necessary. EYA output is typically prese
distrijution of potential energy outcomes on an anntial ‘or multi-year basis. Key attributes
reported include a central estimate, at the 50% probability of exceedance level (“P50”), as
estimates to support commercial risk assessment\‘Typical estimates include the 90% prob

excee
levels
model
normg
that ci
methd
gathe
speed
aggre

dance level (“P90”) and 95% probability of‘exceedance level (“P95”). Probability of exg
are determined based on wind resource measurement uncertainty, wind resource v
ing uncertainties and uncertainties in plant performance loss estimates. This standar
tive two key components of the energy yield process. The first is the uncertainty quar
eates the PXX distributions. The-second is the reporting requirements for communicating
ds and metrics between analysts and stakeholders. In additional chapters below, a pr
ing and analyzing meteorelogy measurements and in particular long-term mean ann
s and their frequency distribution, estimating gross energy generation for each WTG an
jate, losses from gross‘energy, net energy and uncertainty of the results is described.

ata from
mmercial
nted as a
that are
well as
ability of
eedance
Briability,
d makes
tification
the EYA
pcess for
ual wind
d project
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5.0 Process Overview

5.0.0 Gross Energy Calculation

5.0.1 Losses and Net Energy Calculation
5.0.2 Uncertainty Assessment

5.0.3 Reporting

6 Input Data

6.0 [Site Description

6.1 |Turbine Technology Description
6.2 |Wind Turbine Layout

6.3 |Proximal Wind Farms

6.4 |Wind Resource Information

Meteorological data and operational data

6.5 |[Loss and Uncertainty Assumptions

6.6 |Other commercial process inputs
7 Wind Energy Yield Assessment Reporting

The nmjain objective of this standard with regard to reporting is to establish commonality am
energy yield assessment reports from different providers, so that the audience of such ref
efficiejntly review and compare multiple, reports and determine the differences in key results.
a comlpeting objective is to maintain engugh flexibility within the reporting structure to allow ar
organ|ze the report in such a way that highlights their own strengths, to relay the narrative of
EYA process in the way that makes_the most sense to their audience, and to foster innovation tg
the underlying methods.

To thip end, the standard‘will provide three normative requirements for wind energy yield asj
reportjng:

1.| Summary tables

2.| Repeorting elements

bng wind
orts can
However,
alysts to
the wind
improve

essment

3.[ A\digital exchange format for wind energy yield assessment (the EYA DEF)

The locations of the summary tables and reporting elements within the report and the precise

sectional

order and organization of the report are not normative. However, an informative table of contents for a

compliant energy yield assessment report is provided in Annex A.

The digital exchange format defines a complementary format for reporting to the main written report,
aimed at facilitating automated solutions for data exchange, and is published in the form of a JSON
Schema. Whereas the written report provides an effective narrative for a human reader, the digital
exchange format provides the clear definitions of namespace, structure and format required for computer
systems to exchange energy yield assessment data. The digital exchange format is only concerned with
standardising data structure and does not introduce any new normative requirements in terms of content
beyond those provided by the summary tables and reporting elements. The wind EYA DEF can bridge
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the gap of facilitating efficient data exchange and comparison whilst leaving a degree of flexibility in the
presentation of the content in the written report.

7.0 IEC Summary Tables

The following five summary tables for energy yield, losses, and uncertainties shall be included in the
report, to be identified as IEC Tables A through to E. An additional table summarising data sources and
methods may be included, to be identified as IEC Table F. The tables will be located in the Executive
Summary of the report, with the recommended location being at the end of the Executive Summary. If
results for multiple scenarios are being provided in the report, the tables should be repeated for each

scena in_ Er\r mefre +knn ere SCC"‘.C."'", |+ u- rnnnmmnnrlnrl +hn+ v-non!h- an- ore SCC“-G”C bc resented

within|the Executive Summary, and tables for the remaining scenarios be placed in an append|x.

The djgital exchange format encompasses all energy yield assessment data required-te’ gengrate the
IEC Simmary Tables, though organised in a deeply nested hierarchical structure rathefthan tahjle views.
It is apticipated that tools will become available to translate a digital exchange fonmat document into the
IEC Summary Tables.

7.0.0 Scenario Comparison

The ehergy yield assessment may be one of several prepared for the"same project, with eafh report
considering one scenario with a different turbine layout, turbine \téechnology, updated meagurement
campaign, etc. Similarly, several scenarios may be included within)the same report. The following table
helps [the reader understand how the scenario for the presentréport differs from those in othel relevant
assespments and/or how the multiple scenarios within the~report differ. The rows in italics| shall be
included. The non-italic rows shall be included only if they differ between the scenarios. At least all the
differgnt scenarios presented within the report shall bé.ihcluded. Scenarios from other repor{s can be
included as relevant, at the discretion of the author.

IEC Table A: Scenario Comparison

Scenario number 1 2 3

(current report)

Installled capacity [MW]

Expdrt capacity [MW]

Number of turbires

Turbljne, model(s)

Turbine rated power [MW]

Turbine rotor diameter [m]

Turbine hub height [m]

Layout identifier

Existing external projects included

Future external projects included
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Option for other differentiator(s)

Explanatory and Guidance Notes:

e Installed capacity and export capacity: the maximum production of the WPS under typical conditions
and the maximum permanently transmittable power from the WPS at the grid connection, respectively
(also see the terms, definitions and abbreviations section for definitions of the different capacity

inknown

te’me) If the WPS under assessment does not have an export r‘npnr‘ify limitation —or it is

anld assumed to be the full installed capacity, the row for export capacity can be omitted. The
of[ the WPS is defined as the lesser of the installed capacity and export capacity;

recommended to highlight this value for each scenario, for example with a table note!

o Option for other differentiator(s): other categories that the author believes are relevant.and advanta

such as differences in curtailments between different scenarios.

7.0.1 Annual Energy Production

Thesg overall project AEP numbers are expressed both as energy (in GWh) and as capacity

capacity
and it is

geous,

factor (in

percent), except the total annual plant performance efficiency.iS’expressed as a percentage éfficiency

(loss factor) relative to gross energy.

The r¢ference power to which the capacity factor is defined by shall be the capacity of the WP

B defined
EC Table

as the{lesser of the installed capacity and the export.capacity, as outlined for each scenario in |
A.
IEC Table’B: Annual Energy Production
Scenlario number (if applicable) 1 2 3

Grosls Annual Energy Production 1039.5/49.3% 1039.5/49.3%

1039.5/49.3%

Anndal Plant Performance 89.5% 89.5% 89.5%
Efficlency

Fixed / Variable Variable Variable Variable
Net Annual'Energy Production 930.4/44.1% 930.4/44.1% 930.4/44.1%
Reference Period (20 years) (20 years) (20 years)

Option for other differentiator(s)

1: Annual Energy Production Time Varying Plant Performance Efficiency

Scenario number (if applicable) 1 2

3
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Year

1 88.5%
2 89.0%
3 (and subsequent years) 89.5%
10 (and subsequent years) 89.0%
20 (gnd subsequent years) 88.5%
30 (gnd subsequent years) 88.0%

7.0.2 Uncertainty and Probability of Exceedance Values

If in markets relevant to the project under consideration different probability levels or time pefiods are
considered standard, those can be added as additional rows and/orcolumns in the table show
HoweyYer, none of the rows or columns shown should be excluded:

IEC Table C: Uncertainty in Annual Energy Production

Scenari Energy / Capacity factor

o)

number Lifetime (i.e.

1-year 10-year 20)-year XX year

1 Uncertainty o o o o
(Percent of Net) 8.0% 7.7% 7.6% 7.6%
Fixed / Variable Variable Variable Variable Variable
P75 Net Energy 880.0 GWh/ | 881.5 GWh/ | 881.6 GWh/ | 881.6 GWh /
Production 41.7% 41.8% 41.8% 41.8%
P90 Net Energy 834.5 GWh/ | 837.4 GWh/ | 837.6 GWh/ | 837.6 GWh /
Production 39.6% 39.7% 39.7% 39.7%
PyoiNetErergy 834 5-G\Wh+83F4-SWh+T83F+6-CWh+T83F+6-CGWh+
Production 39.6% 39.7% 39.7% 39.7%

2 Uncertainty o o o o
(Percent of Net) 8.0% 7.7% 7.6% 7.6%
Fixed / Variable Variable Variable Variable Variable
P75 Net Energy 880.0 GWh/ | 881.5 GWh/ | 881.6 GWh/ | 881.6 GWh /
Production 41.7% 41.8% 41.8% 41.8%
P90 Net Energy 834.5 GWh/ | 837.4 GWh/ | 837.6 GWh/ | 837.6 GWh /

n below.
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Production 39.6% 39.7% 39.7% 39.7%
PXX Net Energy 834.5 GWh/ | 837.4 GWh/ | 837.6 GWh/ | 837.6 GWh/
Production 39.6% 39.7% 39.7% 39.7%
3 Uncertainty o o o o
(Percent of Net) 8.0% 7.7% 7.6% 7.6%
Fixed / Variable Variable Variable Variable Variable
P75 Net Energy 880.0 GWh/ | 881.5 GWh/ | 881.6 GWh/ | 881.6 GWh !
Production 41.7% 41.8% 41.8% 41.8%
P90 Net Energy 834.5 GWh/ | 837.4 GWh/ | 837.6 GWh/ | 837.6/GWh /
Production 39.6% 39.7% 39.7% 39.7%
PXX Net Energy 834.5 GWh / | 837.4 GWh / | 837.6 GWhY"| 837.6 GWh/
Production 39.6% 39.7% 39.7% 39.7%
1: Annual Energy Production Time Varying
Scenario 1 2 3
number (if
applicable)
Duration Lifet Lifet Lifet
1- | 10- H“ee XX 1- | 10- E?“ee XX | 1- | 10- H“ee XX
year | year 2(')); year | year | year 2(')); year | year | year 2(')); year
year year year
Year
1
2
3
10
20
30

7.0.3 Categorical Wind Speed-Based Uncertainties

The categorical wind speed-based uncertainties are expressed in this table as a percent of annual mean
wind speed. All values reported in the table shall be calculated according to the normative methods
described elsewhere in this standard, with the following exception: the author of the report may use an
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alternative uncertainty calculation for a subcategory, provided that the method of calculation and
assumptions made are described in the report, and that those methods and assumptions are supported
with citable studies.

The final row of the table is not a percentage uncertainty. Rather, it is the wind energy sensitivity factor
used to convert wind speed-based uncertainties to energy-based uncertainties.

IEC Table D: Details of Wind Speed-based Uncertainties

Uncertainty
(% of Wind Speed)

Scenlario number (if applicable) 1 2 3

Measurement Uncertainty

=

ind Speed Measurement

ind Direction Measurement /
ose

s

(@)

ther Atmospheric Parameters

ata Integrity and
ocumentation

wlw]

Historical Wind Resource

—

bng-term Period (1AV)

Reference Data

-

bng-term Adjustment
MCP/method)

—~

—~

Vind Speed) Distribution
Uncertainty

O

n-sitezData Synthesis (gap
filling)

Horizontal Extrapolation

Model Inputs

Model Sensitivity/Stress

Model Appropriateness

Vertical Extrapolation

VE model Uncertainty
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Excess Propagated
Measurement Uncertainty

Project Evaluation Period
Variability

Wind speed variability (IAV)

Climate Change
|

Pllant Performance (avail.,
ehviron.)

Wind Energy Sensitivity Factor

729

730 7.0.4 Categorical Plant Performance Losses and Uncertainties

731 Loss falculation methods are not normative in this standard, but_their categorization and [table for
732 reporting them is normative. They are expressed in the table as'‘apercentage of gross energyj}

733  The categorical loss uncertainties are expressed in this table as a percent of gross energy. All values
734 reported in the table shall be calculated according to the-normative methods described elsewhgre in this
735 standard, with the following exception: the author of ‘the report may use an alternative uncertainty
736  calculption for a subcategory provided that the iethod of calculation and assumptions made are
737 descriped in the report, and that those methods and assumptions are supported with citable studies.

738 IEC Table E: Details ofPlant Performance Losses and Uncertainties
Scendrio number (if |1 2 3
applicable)
Loss Category / | Efficienc Efficie Efficie
Subcgtegory y Uncertainty ncy Uncertainty ncy Uncertainty

Wakeps and Other Turbine
Interaction Effects

Internpl Wakes, /Blackage
and Other Turbine
Interagtion Effects

Exterpal/Wakes, Blockage
and Other Turbine
Interaction Effects

Future Wakes, Blockage
and Other Turbine
Interaction Effects

Availability

Turbine

BOP

Grid

Electrical
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Electrical Efficiency

Facility Parasitic
Consumption

Turbine Performance

Sub-optimal Performance

Generic Power Curve
Adjustment

Site-specific Power Curve
Adjusiment

High \|Vind Hysteresis

Envirpbnmental

Icing

Degradation

Envirgnmental Loss
(Exterlnal conditions)

Expo%ure Changes

Curtal'lment / Operational
Stratdgies

Load LCurtailment

Grid Qurtailment

Envirgnmental /  Permit
Curtaiflment

Operdtional Strategies

Explapatory and Guidance Notes:

An exgmple is presented.below:

Scenario number (if applicable)

1

2

Loss Gategory / Subcategory

Efficien
cy

Uncertain
ty

Efficien
cy

Uncertain
ty

Efficien
cy

Uncertain
ty

Wake$ and Other-Turbine Interaction Effects

0.9426

1.15%

0.9426

1.15%

0.9426

1.15%

Interngl Wakes, Blockage and Other Turbine Interaction Effects

0.9500

External Wakes, Blockage and Other Turbine Interaction

a-0200

0.9500

faWaYeYaYal

0.9500

a-a200

Effects

TUTIOUT

Future Wakes, Blockage and Other Turbine Interaction Effects

0.9800

AR AYAY

0.9800

\SZEAYAYAY

0.9800

Availability

0.9639

1.80%

0.9639

1.80%

0.9639

1.80%

Turbine

0.9700

1.50%

0.9700

1.50%

0.9700

1.50%

BOP

0.9800

1.00%

0.9800

1.00%

0.9800

1.00%

Grid

0.9990

0.05%

0.9990

0.05%

0.9990

0.05%

Electrical

0.9639

0.72%

0.9639

0.72%

0.9639

0.72%

Electrical Efficiency

0.9700

0.60%

0.9700

0.60%

0.9700

0.60%

Facility Parasitic Consumption

0.9800

0.40%

0.9800

0.40%

0.9800

0.40%

Turbine Performance

0.9868

0.66%

0.9868

0.66%

0.9868

0.66%
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Sub-optimal Performance 0.9950 0.25% | 0.9950 0.25% | 0.9950 0.25%
Generic Power Curve Adjustment 0.9900 0.50% 0.9900 0.50% 0.9900 0.50%
Site-specific Power Curve Adjustment 0.9950 0.25% 0.9950 0.25% 0.9950 0.25%
High Wind Hysteresis 0.9950 0.25% | 0.9950 0.25% | 0.9950 0.25%
Environmental 0.9900 0.50% | 0.9900 0.50% | 0.9900 0.50%
Icing 0.9950 0.25% | 0.9950 0.25% | 0.9950 0.25%
Degradation 0.9950 0.25% | 0.9950 0.25% | 0.9950 0.25%
Environmental Loss (External conditions) 0.9950 0.25% 0.9950 0.25% 0.9950 0.25%
Exposlire Changes 0.9950 0.25% | 0.9950 0.25% | 0.9950 0.25%
Curtallment / Operational Strategies 0.9900 0.50% 0.9900 0.50% 0.9900 0.50%
Load Qurtailment 0.9950 0.25% | 0.9950 0.25%() 0.9950 0.25%
Grid Qurtailment 0.9950 0.25% | 0.9950 025% | 0.9950 0.25%
Environmental / Permit Curtailment 0.9950 0.25% 0.9950 0.25% 0.9950 0.25%
Operafional Strategies 0.9950 0.25% 0.9950 0.25% 0.9950 0.25%
Total 0.8470 2.46% | 0.8470 2.46% | 0.8470 2.46%

7.0.5 Pata Sources and Methods

In addition, the following table summarising data sources and methods is recommended for in¢lusion in

the re’Lport.
guida

farms pr turbines, use the Reference Wind Fari, related lines of below Table F.

IEC Table'F: Data Sources and Methods Summary

Unlike the other tables, which are quantitative, this table is descriptive, hence gdditional
ce to competing the table is offered. For an assessment based on operational data of refergnce wind

Stations

Category Source / Method | Details and
Comments
Wind Data Primary (A) Source LiDAR
Number of 2
Stations
Top 150 m
Sensor
Height(s)
Period Oct’18 — Sep ‘20
Duration 2 years
Supplementar | Source(s) Met Mast, LiDAR,
y(A) SoDAR
(Optional)
Number of 4
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Height(s) 30m, 60m, 93m
Period 2012 - 2016
Duration 5 years
Long-term (A) | Source(s) ERA5 Reanalysis
(Optional)
Number of 3
Stations
or Grid
Nodes
Height(s) 100 m
Period 2001 - 2020
Duration 20 years
Reference wind | Name of Weighting 80%
farm Primary WF Manufactu Enercon
rer
Turbine E-101
Model
Rated 3.05
Power
[MW]
Number of 10
Turbines
Hub 149 m
Height(s)
Available Oct ’18 — Sep ‘20
Data
Period
Duration 2 years
Distance 3.2
to Planned
WF [km]
Name of Weighting 20%
Supplementar Manufactu GE
y WF rer
Turbine 1.5s
Model
Rotor 70-5
Diameter
[m]
Number of
| Turbines
Hub 100 m
Height(s)
Data Type Scada, 10min-no-
Scada, hourly,
weekly monthly
Available Oct ’18 — Sep ‘20
Data
Period
Duration 2 years

88/1038/NP
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Distance 2.8
to Planned
WF [km]
Long-term (A) | Source(s) ERA5 Reanalysis
(Optional) Number of 3
Stations
or Grid
Nodes
Height(s) 100 m
Period 2001 - 2020
Duration 20 years
Terrain Model Orography SRTM 30 m 1 Arc-
sec
Roughness CORINE 100 m
Wind flow Model Vertical 12 sector
Horizontal Mesoscale Model A
WTG (for each | Power Curve WTG A 0001.0001
Scenario) AA
Thrust Curve WTG A 0001.0001
AA
Losges Wakes and other Turbine Insert
Interaction Effects
WTG & BoP Availability Universal /

Preliminary /
Design Study

=1 ¥ | —ffr s
I—lcbll’bal I—l’lblcllby

AOOUIII}J{:UII II
Preliminary /
Design Study

Environmental

Assumption /
Preliminary /
Design Study

Curtailment / Operational
Strategies

Assumption /
Preliminary /
Design Study

Other

88/1038/NP
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7.0.6 Categorical Plant Performance Losses and Uncertainties as Applied to Reference Wind
Farms

To gain the free wind speed, in case of assessing the energy yield of the planned wind farm on the basis
of the operational production of reference wind farms or turbines, categorical losses that are included in
the operational data must be considered. In Table XX these losses are considered and expressed the
same way as they are for the planned future wind farm.

IEC Table ??E: Details of Reference Plant Performance Losses and Uncertainties

Scendrio number (f | 1 2 3

applicable)

Loss Category [ | Efficienc Efficie Efficie

Subcgtegory 2 Uncertainty ncy Uncertainty ncy Uncertainty

Wakes _and Other Turbine
Interqction Effects

Intern%l Wakes, Blockage
and Other Turbine

Interal;tion Effects

External Wakes, Blockage
and Other Turbine
Interaftion Effects

Futur¢ Wakes, Blockage
and Other Turbine
Interaftion Effects

Availability

Turbine

BOP

®

rid

Electrical

Electr|cal Efficiency

Facilify Rarasitic
Consymption

Turbiphe Performrance

Sub-optimal Performance

Generic Power Curve
Adjustment

Site-specific Power Curve
Adjustment

High Wind Hysteresis

Environmental

Icing

Degradation

Environmental Loss
(External conditions)
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Exposure Changes

Curtailment / Operational

Strategies

Load Curtailment

Grid Curtailment

Environmental / Permit

Curtai

Iment

Operdtional Strategies

Expla

e W

hatory and Guidance Notes:
nd data

o Primary refers to the main source(s) of wind data used for the’wind resource ass
Each type of data source should be listed separately. The most common typeg

more than one type was used as a primary data sourCe, append the word “Primary
uppercase letter (e.g. “A”, B”, “C” etc.).

o Supplementary refers to all other source(s) of.wind data used as additional input a

should be listed separately. If more than<one type was used as a supplementar)
append the word “Supplementary” with an uppercase letter (e.g. “A”, B”, “C” etc.).

o Long-term refers to the long period*wind data time series used to determine the |
adjustment. Each type of data source should be listed separately. The most comm
of data sources will be “reanalysis”, “mesoscale”, “meteorological office mea
masts”. If more than one type was used as a primary data source, append the wo
term” with an uppercase“letter (e.g. “A”, B”, “C” etc.).

rrain model

o Orography model; Report the type of the digital elevation model used for the o
description and its resolution, e.g. SRTM, ASTER, NED etc./ 30 m 1 arc-second.

o Roughness model; Report the type of the landcover model used for the roughness dg
and.its resolution, e.g. CORINE, ESA, Copernicus etc. / 10 m, 3 arc-second.

nd{flow model

pssment.
of data

sources will be “Met Masts”, “LiDAR”, “Floating LiDAR~'Scanning LiDAR”, or “S¢DAR”. If

” with an

nd partial

elements to the wind resource assessment, ) As with “Primary”, each type of dafla source

source,

png term
on types
surement
d “Long-

rography

scription

o Vertical: Indicate the number of sectors used for the vertical extrapolation to hub height with

the application of the wind shear exponents, or other methodology.

o Horizontal: Report the model used for the horizontal extrapolation of the mean wind speed

from the primary wind data source to the WTG sites.

e WTG Power Curve: Report the document ID and revision of the power curve(s) used for each relevant

SC

enario(s).

e WTG Thrust Curve: Report the document ID and revision of the thrust curve(s) used for each relevant

SC

enario(s).
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e |Losses

o Wakes and other Turbine Interaction Effects: Report the wake model used for the wind farm
efficiency assessment. In cases where more than one wake models are used (e.g. offshore),

indicate briefly the method (e.g. ensemble) and list all relevant models.

o WTG & BoP Availability: Indicate on what basis the loss has been assessed, i.e. whether is

an assumption, a preliminary analysis, or a detailed site/project specific study.

o Flectrical Efficiency: Indicate on what basis the loss has been assessed. i.e. whet

er is an

7.0.7

assumption, a preliminary analysis, or a detailed site/project specific study.

o Environmental: Indicate on what basis the loss has been assessed, i.e. wheth
assumption, a preliminary analysis, or a detailed site/project specific study.

o Curtailment / Operational Strategies: Indicate on what basis the loss;has been asse
whether is an assumption, a preliminary analysis, or a detailed site/project specific

o Other: Replace ‘Other’ with the additional loss considered.and indicate on what
loss has been assessed, i.e. whether is an assumption, a'preliminary analysis, or 3
site/project specific study.

Time-Evolving Losses and Uncertainties

In addition, long-term time evolution of either losses, uneefiainties, or both may be included in th
For eample, availability losses might be assumed tobedarger in the first year due to ramping
projegt’s operations and maintenance procedures tera fully optimized state; and also potentially

availa
and ¢
includ

tables].

or in
behayv
defing

71 R

As stz
the el
under
by the

ility in later years as maintenance eventskbécome more frequent. Performance, envirg

e these results in the body or appendices, but they shall not be included in the normative
The tables shall reflect averages for the project lifetime, unless clearly stated to be o
the case of the P values for sub<periods (e.g., 1 year, 10 years), should reflect the
iour over a chosen period of that Tength from within the project lifetime. Average values
d with respect to energy production (and not time), unless clearly stated to be otherwise

bport Elements

ted above, the.ordering and numbering of the report elements is not normative, but ing

subheadings “Text”, “Figures”, and “Tables” do not necessarily have to be in the formg
subheading, so long as the information intended by the normative element is conveyed

item L1nder “Figures” could be presented as a Table).

er is an

5sed, i.e.
study.

basis the
detailed

e report.
up of the
lowered
nmental,

irtailment losses and uncertainties may_also include time-varying components. The report may

reporting
therwise,
average
shall be

lusion of

bments themselves is normative, unless otherwise stated. The elements that are separately listed

t implied
(e.g., an

7.1.0

Executive Summary

The executive summary shall summarize the primary task description, the conclusions of the analysis

and explicitly state any deviations from this standard.

It should typically be 1-2 pages in length. The

precise content of the text of the executive summary is not normative, with the exception that there shall
be no new information included that has not been described and substantiated within the main report.

7.1.1

IEC Summary Tables

Within or immediately following the Executive Summary is a sensible and appropriate (though not
normative) location for the normative IEC summary tables described in section 3.1. Alternatively, these
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could be presented in an appropriately named section of the body of the report, or in an Appendix.
Regardless of where they appear, they should be clearly labelled “IEC Summary Tables”.

7.1.2 Introduction

An introductory section is not normative but is included here as it often appears in energy yield
assessment reports. Elements in the introduction may include the naming of the analyst, client, and
project; brief descriptions of the project location, size, and turbine technology; and brief descriptions of
the main objective of the analysis and the methods employed.

7.1.3 Site Description
The rgport shall include a description of the site, with the following elements.

o Tgxt:
o The names of the client and project.

o A description of the geographic location. This should include the namé ef the nearest city pr town,
and the distance and direction of the project to that location; and thé country and local
administrative unit (state, province, county, district, and/or township) in which project is lochted.
Provide the greatest degree of specificity possible for the local.administrative unit.

o A description of terrain, including degree of complexity of the project terrain, range of elevations for
the project turbines, and significant nearby terrain features outside of the project.

o A description of land cover, including vegetation types, trees and forestry, spatial variations in land
cover, distance to sea or other large water bodies’(where relevant), distance to shore (if offshore),
and structures. Also describe any known or:expected changes or trends in land cover (e.g
deforestation or forest growth).

o Source of information, specifically whéther from Client or from a Site Visit. In cases where|a site
visit has been performed, specific findings shall be addressed and/or depicted. Conversely where a
site visit has not been carried out,the reasons for not doing so shall be stated, unless the feason is
obvious, i.e. offshore.

e | Figures:

o Aregional-scale map/(recommended). As guidance, the map should cover an area roughly 400 km
x 400 km, though_potentially larger for offshore projects if needed to show surrounding codst lines;
and potentiallyysmaller for onshore projects if the wind farm is small or located in small countries or
densely populated regions. This map should include roads, municipalities, national and state or
provinee\boundaries, and water bodies. It may include shaded relief or elevation contours |f the
projeetis located within or near complex terrain. It shall include a box or polygon depicting|the
project location, as well as boxes or polygons depicting present or future external projects
considered in the analysis. It shall also show locations of long-term reference sites considered in
the analysis.

o A project-scale map (slightly larger than the bounds of the project). This map shall depict roads,
municipalities, water bodies, and other local features of note. It shall show either shaded relief or
elevation contours if the project is located within or near complex terrain. It shall include locations of
project turbines and on-site measurement stations.

o Photographs taken during the site visit of panoramic views of the site.
e Tables:

o A table with project turbine parameters, including:
»= Project total nameplate capacity (MW)
= Number of turbines
= Turbine model(s)
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876 = Turbine rated power(s) (MW)
877 = Turbine hub height(s) (m)
878 = Turbine rotor diameter(s) (m)
879 = Turbine IEC class
880 o A table of turbine-specific parameters, see below.
881 = Turbine ID
882 = Turbine coordinates (easting, northing, and zone, in UTM projection with WGS84 datum);
883 the turbine coordinates can additionally be presented in a local coordinate system, but UTM
884 coordinates must be provided.
885 s—Turbine-models)
886 = Turbine elevation above mean sea level (m)
887 Note: |If there are multiple scenarios being considered, and the turbine layout is a differentiator of the
888 differgnt scenarios, the layout specified in the above table shall be given a “layout identifier”, which shall
889 be use¢d in the IEC table entitled “Scenario Comparison”.
890
891 IEC Table G: Windfarm Layout for Scenario A

Turb|ne Coordinates Option for | Elevation Wind Other

ID other Turbine | Differentiator(p)

coordinate Model
UTM | Easting | Northing | Systems
Zone

1

2

3
892
893 7.1.4 Measurement Campaign
894  With regard tothe 'measurement campaign, the following elements shall be included.
895 o | Text:
896 A brief ‘ i | duri ite, visit (if ; T |
897 methods.
898 o Notes on maintenance or changes to measurement station configurations.
899 o Boom orientation discrepancies: Differences between commissioning documents, site visit,
900 and/or tower shadow analysis.
901 o Major data gaps within the period of record for each measurement station.
902 o Waking of measurement station
903 o Any other issues that affect the use or exclusion of measurement station data.
904 o Commentary on the general adequacy of the met campaign for the considered turbine layout,
905 with specific attention to:
906 = period of record

907 = types and maximum heights of measurement stations
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» number and spatial coverage of measurement stations, including maximum distance

from any project turbine to a measurement station

e Figures:

o Photograph(s) of all measurement stations, if a site visit was conducted. For met masts,
photograph(s) shall include the entire vertical extent of the mast, and depict tower type, guy
wires, and instrument booms.

o Photographs of views from measurement stations to at least the 4 cardinal directions, if a site
visit was conducted.

e Tables:
o For each measurement station:

= Measurement station ID
= Coordinates (easting, northing, and zone, in UTM projection with WG S84 datu
= Elevation
= POR
= Measurement time interval
= Statistical parameters provided (mean, std. dev., max;-min)
= Data recovery summary, by month, see
= Specifically for a meteorological mast:
e Mast type (lattice, tubular, communication, etc.)

o Data logger model, sampling interval in seconds, and averaging perio
minutes

e For each height

o Boom orientation(s) and length(s)
e For each sensor

o Height

o Sensaortype: anemometer (cup, sonic, or prop and vane); van
temperature; pressure; relative humidity

Sensor manufacturer, model, and serial number
Sensor class (for anemometers)

IEC classification (for anemometers)

Transfer function used (consensus or calibrated)

Calibration certificate copy (including, but not limited to certifig
number, date, wind tunnel, certifier)

e Commentary on compliance with IEC 61400-12-1 and 61400-50-1
= Specifically for an RSD:

e Sensor manufacturer, model, and serial number

e Parameters measured

O O O/ O

m)

i in

0

ation

e Reporting heights

e Compliance with IEC 61400-12-1, 61400-50-2, and 61400-50-4

e Compliance with manufacturer’s siting guidelines, in relation to terrain
obstacles, and signal propagation properties if relevant

features,

e Calibration report reference (including, but not limited to certification number,

date, location, certifier)

IEC Table H: Measurement Campaign Data Recovery Rate

Instrument

LiDAR LiDAR LiDAR Other
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Height

40 m 100 m 150 m

Jan ‘20

Feb ‘20

Mar ‘20

7.1.5 Measurement Data: Quality Control and Processing

With regard to the quality control of measurement data, the following elements_shall be includg

o | Text:

e | Tables:

o

Description of the checks performed on the measurement data,;-which may result in fla
exclusion (e.g., icing, tower shadow, sensor degradation for mmet masts; or precipitation, etc.).
The following specific points shall be included:

Major data gaps, prior to filtering, within the period of record for each measure
station.

Description of automatic data-rejection rQles applied, consequent reduction in
coverage, and approximate time periods most affected (e.g. 21 h between 201
until 2018-02-28).

Manual data-rejection and appteximate time periods affected.
Any other issues that result.in‘exclusion of measurement data.

Description of any correction methods applied to erroneous data (rather than flagging 1
exclusion). This would include:

Corrections applied\to vane measurements found to have an offset error
Time shifts to c@brect for incorrect initiation of the data logger(s)

Flow curvature corrections applied to RSD measurements (including flow mod
correctienimethodology used)

Treatment of data from waked measurement stations, including treated sector
wake'model employed

Description of the method for combining redundant sensors on a met mast.

Cantlusion of the final data integrity and quality together with description and motivatig
primary data set(s) to be used.

A list of major periods of erroneous and/or missing data
Any data-rejection criteria, including automatic filtering rules, that are more amenable f{

gging for

ment

data
8-01-01

el and

s) and

n for the

o tabular

representation. These can be presented in a table rather than in text as listed above.

Overall data recovery rate, separated by measurement level and/or instrument of the original
data set, after processing (rejection and corrections).

7.1.6 Wind Resource Characteristics at Measurement Station Height

After measurement data have been fully quality controlled, the report shall present information, figures,
and tables summarizing the wind resource at primary sensor height for each measurement station. For
both met masts and RSD, “primary sensor height” refers to the highest reported height that is at or below
the turbine hub height. The following elements shall be included.

e Figures:

o

Wind rose from primary sensor height wind direction for each measurement station, with no
fewer than 12 sectors displayed.
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Tables:

o

For each measurement station, a table of all months in the POR, detailing sensor heights
utilised, covering mean wind speed, wind speed data recovery percentage, wind direction, and

wind direction data recovery rate. Final line should show same quantities for the entire

Ambient Tl value (as defined in IEC 61400-1 Ed. 4) at primary sensor height for each
measurement station.

If concurrent data is available at the same height for all or some of the measurement s

POR.

tations, it

is recommended, though not required, to present wind speed, wind direction, wind shear and
ambient Tl statistics for each of the measurement stations, at the common sensor height, over

thc CUITTCUUITTI It data Ml IU\.‘AI

7.1.7 Pata Reconstruction / Temporal Extension

Once fhe data has been processed such that the measurements are considered to notcontain a seasonal
bias and be representative of an annual period, the following elements should besncluded. I{is noted
that tHis may be achieved by considering “mean of monthly means”, curtailing the dataset peri¢d and/or
extenming measurements using other measurements on the same measurenient station or from other
measyrement stations. Where there is overlap between the reporting requirements provided in Section
3.2.7 that information can be provided at either the measured wind characteristics stage (Section 3.2.7)
or aftgr data reconstruction/temporal extension (Section 3.2.8).

o | Text:

o Descriptions of any methods used to ensure that the en=site measurements are representative
of an annual period.

o Informative: Description of method to combing’ measured temperature, pressure, and Qumidity
to produce an air density estimate valid at thejtemperature measurement height. This|shall
include the assumptions or calculations.inextrapolating pressure and/or humidity from|their
respective sensor heights to the temperature sensor height, and assumptions made on alternate
data sources used if either pressure,or humidity are not available from the measuremgnt
station.

o For RSD, where ambient Tl istanalysed within the assessment, a description of the mgthod to
derive “cup anemometer-equivalent” Tl, and the resultant ambient Tl value (as defined in IEC
61400-1 Ed. 3) at the highest reported height at or below the turbine hub height. If no [‘cup
anemometer-equivalent” Tl method is applied, then a description of the representativepess of
the data relative to/cup anemometer Tl levels should be provided.

e | Figures:

o Histogram.of\primary sensor height wind speed for each measurement station, with bin width no
greater than 1.0 m s.

Diurnal-cycle of primary sensor height wind speed for each measurement station.
Seasonal cycle of primary sensor height wind speed for each measurement station.
Wind and energy rose from annualized primary sensor height wind direction for each
measurement station, with no fewer than 12 sectors displayed.

o | Jdbles:

o VVhere data synthesis has been conducted information should be provided on the quality of
correlation between datasets used and the relationship established. For example of a 30°
sectorwise linear relationship is used then the R? quality of correlation and the slope and offset
values associated with the linear relationship will be provided for each 30° sector direction.

o For each measurement station, a table of all months in the POR, with columns for primary
sensor height mean wind speed, wind speed data recovery, wind direction, and wind direction
data recovery rate. Final line should show same quantities for the entire POR.

o Reference Tl value (as defined in IEC 61400-1 Ed. 3) at primary sensor height for each

measurement station.
Weibull parameters at primary sensor height for each measurement station.

Mean air density at the temperature sensor height that is closest to the primary sensor
for each measurement station.

height
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o

Informative: 12 month x 24 hour table of primary sensor height wind speed for each
measurement station.

7.1.8 Historical Wind Resource

The historical wind resource section describes the reference datasets and methods used to place the
short-term on-site data into the context of the long-term historical climate at the site. With regard to the

analysis of historical wind resource, the following elements shall be included.

Text:

o

Eor each reference source considered:

Description of:

Site name and/or ID, POR, distance from project, parameters reported
height above ground of the respective parameters

Known sensor or data set construction issues that potentially affect data

consistency over time

Discussions specific to three types of reference sources;

Measurement site

o Observing network to which refetence measurement station b
and overseeing organization

o Heights and types of sensors

o Exposure and obstacles that might affect wind measurements

o Instrument changes.at site

o Whether site has been visited and, if so, what was confirmed
Reanalysis data set

o Names of reanalysis data set and producing organization, ang
reference to overview article in the scientific literature

o Horizontal resolution in km
&~ Relevant available parameters and height levels
o Time frequency

o Whether a nodal point record, or spatially interpolated record,
acquired

Virtual meteorological mast

o Name of virtual meteorological data set, producing organizatig
reference to overview article in the scientific literature

o Outer nest(s) and forcing used

and

elongs,

n visit

was

n, and

= Underlying reanalysis dataset

= Nudging method
o Mesoscale model used: Name, Version, Source
= PBL schemes/parameterizations chosen
o Domain setup
= Horizontal grid spacing in km; (Axer , if known)
= Domain size
=  Number of nests, nesting scheme
o Surface data used
= Orography/DEM: N,V,S
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» Land-use/roughness: N,V,S; dynamic or static
= Sea-surface temperature: N,V,S; dyn.or static
o Relevant available parameters and height levels
o Time step and output or averaging step/period

o Length of model run(s), in years

o Discussion of reference source selection/rejection process, including method used to combine
reference sources into an ensemble if applicable, and what averaging time scale was used for
the correlation analysis (hourly or daily are recommended).

o Discussion of reference source data filtering and quality control procedures

o Description of method to develop mathematical relationships between reference,source
meteorological data and on-site measurement station primary sensor height-wind spedd. This
description should include the motivation for the method chosen, with emphasis on ungertainty
reduction; and how the relationships are applied to create a historical windresource (e.g. by a
Measure-Correlate-Predict method).

o For each measurement station:

= Result of the selection/rejection process for each reference source

= Relationships obtained between chosen referenceysource meteorological dataland on-
site measurement station primary sensor height)wind speed, and how these afe applied
to create a historical wind resource [e.g., by.a/MCP (Measure-Correlate-Predigt)
method].

o Informative: Text may include descriptions ef-statistical tests applied to detect trends o
inhomogeneity in the reference wind speed récord.

o Description of method to extent the measured temperature, pressure, and humidity to produce
an air density estimate representative of the historical period that is valid at the WTG Hub
height. This shall include the assumptions or calculations in extrapolating pressure and/or
humidity from their respective sensor heights to the hub height, and assumptions madg or
alternate data sources used.if either pressure or humidity are not available from the
measurement station.

@)

Figures:

o Locations ofireference sources in regional map described in section 3.2.4. This is not
necessaryyfor virtual meteorological mast reference sources considered to be collocatg¢d with
on-sité_ measurement stations.

o Time'series of annual mean wind speed for all considered reference sources, overlaid|on a
single plot. Note, these can be either unadjusted, or normalized in some way to improye
comparability.

o For each reference source, a scatter plot of reference versus measurement site daily qr hourly
mean-primary-senser-height-wind-speed

Tables:

o Reference source coordinates (easting, northing, and zone, in UTM projection with WGS84
datum)

o R2values of reference versus measurement station primary sensor height daily or hourly mean
wind speed for each reference source and measurement station (optionally could be stated in
text or annotated on scatter plot).

o Final long-term adjustment factor to convert site period annualized mean wind speed at

measurement station to a long-term mean value. Note, it is acceptable to adjust the long-term
reference time series to match the on-site data during the overlapping period, and perform the
energy yield analysis on the referernce time series. However, care must be taken to ensure
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that the resultant time series matches the on-site data in terms of distribution shape, seasonal
and diurnal patterns, and wind rose. In either case, the adjustment factors should be presented.

Non-wind variables:

o Interannual variability of energy yield due to interannual variability of temperature (via air
density) is at least an order of magnitude smaller than that due to wind speed. Therefore the
following information regarding historical variability of temperature are sufficient:

= Adescription of long-term adjustment method for temperature at the temperature
sensor height for each on-site measurement station that includes temperature.

N | bl £ VRN dlo 02 1 £ ol lo 1
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reference temperature with respect to on-site measurement station daily or,hourly mean
temperature, and the final relationship and LTC (long-term correction) obtainedl.

7.1.9 Vertical Extrapolation

The Vertical extrapolation section of the report describes the process by which wind ppeed is

extragolated (or in some cases interpolated) vertically from sensor height(s)\to-the turbine hub height.

With regard to the vertical extrapolation of wind speed, wind direction, air dehsity, and standard deviation

of winfd speed from sensor height(s) to hub height at each measurement-station, the following glements

shall he included.
o | Text:

o Wind speed extrapolation method, if it differs from the‘method recommended in IEC 61400-15-2

= i.e. windspeed, annual mean, seasonal mean or time-series etc., or Weibull pgrameters
etc.

o Method and result of extrapolation of air. dénsity to hub height

o Method and result of extrapolation of‘wind direction to hub height

Methdd and result of extrapolation of standard-deviation of wind speed to hub height
e | Figures:

o Informative: Repeat figures illustrating wind resource at primary sensor height (described in
section 3.2.7), except using the values extrapolated to hub-height.

e | Tables:

o Table of annualized wind shear exponent to be used at each measurement station to
extrapolate:from primary sensor height to hub height. The table(s) should show values| of wind
shear exponent, binned according to whatever variable or variables the analyst considered
mostimportant to the energy yield calculation. These variables could include, but are hot
limited to, wind direction, wind speed, time of day, and/or time of year (season).

o \Typically, the wind shear values would be derived from a wind shear calculation over gll sensor
or measurement heights reported by the measurement station, under the assumption that the

yer. However, | i1 jon indicati i Wi withi X
layer is likely, this table should reflect that adjustment. Such information could come from other
on-site measurement stations (either met mast or RSD) that measure higher than the top
measurement height for the measurement station under consideration; or from wind flow
models that include meteorological processes that govern changes in wind shear with height.

o The reasoning and data sources for such adjustments should be described.

o If extrapolating Weibull parameters, then table of each of the WAsP, extrapolation or stability
parameters should be reported

In addition, the following elements may be included:
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o Informative: Repeat tables illustrating wind resource at primary sensor height (described in
section 3.2.7), except using the values extrapolated to hub-height

o Description and results of cross-prediction, if three or more measurement heights are available.

7.1.10 Operational Data

In the case that operational data from reference turbines were used as a wind measurement strategy,
the following information shall be included in the report:

e | Text and/or tables:
o Site and distance between future project and the reference wind turbines

o Brief description of the reference site (elevation, complexity classification, orography,
roughness, obstacles, neighboring wind farms).

o Description of the comparability of the reference wind turbine and regional representat|veness
of the wind data used.

o Wind turbine model, hub height, and coordinates.

o Power curve and thrust coefficients data taken into consideration.

o Type and source of operating data, period of record,/and temporal resolution.
o Description of the data quality procedure adopted{detection and elimination of erronequs data).

o If the operation was subjected to constraints_(grid and/or turbine availability, changing pperating
modes, bats, shading, sector management;‘etc.), the description of the constraints corfection
must be included.

o Documentation if any changes in wind.farm wake effects happened within the evaluatgd period
of record of the reference wind turbines.

o Description of the adopted procedure for long-term correction of the reference wind turbine yield
data and the long-term datatised (source or type and period of record).

o Results of the comparison between the long-term energy yield of the reference wind tyrbine and
the energy yield calculated for the reference wind turbine at the reference site.

o Verifications and yalidations framework adopted.

7.1.11 Horizontal Extrapolation

The hprizontal extrapolation section describes the wind flow modelling used to extend measyred wind
speeds horizontally*across the project domain to turbine locations. With regard to the Horizontal
extragolation ofiwind resource, the following elements shall be included.

e | Text and/or tables:

o Description of model(s) used

=  Software name and version

= Type of model (linear flow, CFD-RANS, mesoscale NWP model, mass-conserving
model, combinations there of, etc.)

=  Setting of key configuration choices that are commonly reported for the model used
= Horizontal and vertical grid spacing (if applicable)

= Length of simulations (for time-dependent models) or time to convergence (for steady-
state models such as CFD)

= Limitations of model (maximum slope, thermal flows, etc.)

= Site-specific model settings to better match measured wind characteristics (e.g., the
vertical wind profile)
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» Literature references describing model, especially for applications similar to the project
being analyzed.

o Sources of high-resolution terrain and land cover data

o Description and results of cross-prediction experiment, if two or more on-site measurement
stations are available.

o Spatial assignment or weighting of measurement stations to turbine locations

o Method and result of horizontally extrapolating hub-height air density from measurement
stations to turbine locations, including elevation adjustment.

o | Figures:

o Model domain (can be combined with maps described in section 3.2.4)

7.1.12 Project Wind Resource Characteristics at Hub Height

With fegard to the final wind resource characteristics at turbines and far~the project avefrage, the
follow|ng elements shall be included.
o | Text:

o Project-average long-term mean wind speed
o Project-average long-term mean air density
o | Figures:

o Annual mean wind speed contour/heat map
e | Tables:

o Mean windspeed summary table, with inclusion and sequence as applicable to the anglysis
method selected:

= Measurement campaign

= Following synthesis

= Following lorg-term adjustment

= Following,vertical extrapolation

= Follewing horizontal extrapolation, to a characteristic location in the windfarm

o 12 month x 24 hour table of project-average long-term mean wind speed, if there is significant
seasonal and diurnal variability.

o Seasonal long-term mean wind speed if there is significant seasonal variability
o\Biurnal long-term mean wind speed if there is significant diurnal variability

@ Turbine-specific quantities (Note: these table elements can be combined with the turbipe-
specific parameters table described in section 3.2.4)

= Long-term mean wind speed

¢ Note: this should be unwaked wind speed. Additionally, a long-term mean
waked wind speed may be included as a separate column

= Long-term mean air density
= Reference Tl (as defined in IEC 61400-1 Ed. 3)

7.1.13 Gross Energy
With regard to Gross Energy, the following elements shall be included.

e Text:

o Statement of the software used to calculate the Gross Energy, including:
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= Version number
= relevant parameter settings
o Statement regarding WTG power curve used to calculate the Gross Energy, together with
= identification references,
= relevant applicable external conditions, including:
= air density,
= wind shear,

*__turbulence intensity,
= operational temperature range
= power boost, de-rating and/or curtailment with any associated parameter’conditions.

= point of measurement or definition; this is typically the low voltage-side of the (WTG
transformer, however this could also be the high voltage side of the WTG trangformer,
or elsewhere.

= method of derivation, i.e. calculated or measured; if caleulated, option to presgnt details
of any relevant verification or degree of design maturation

= details of any special operating conditions or opetational modes.

o Statement regarding WTG power coefficient curve usedto calculate the Gross Energy|can be
provided; no further commentary required if this is calculated directly from the WTG pgwer
curve using the rotor diameter (add IEC reference)

o Statement regarding WTG thrust curve usedto calculate the Gross Energy, together with
= identification references,
= relevant applicable external conditions, including:
= air density,
= wind shear,
= turbulence intensity,

= method of derivation, i.e. calculated or measured; if calculated, option to presgnt details
of any relevant verification or degree of design maturation

= details of‘any special operating conditions or operational modes
o | Figures/Tables:

o For the three curves listed below, values at regular wind speed intervals (minimum intgrval of
1,0:m/s) shall be presented in tables. It is recommended but not required that graphs df the
curves also be provided as figures,

=  WTG power curve
=  WTG power coefficient curve
=  WTG thrust curve

7.1.14 Plant Performance and Net Energy Yield

With regard to Plant Performance and Net Energy Yield all potential loss categories should be stated,
along with whether or not they were considered. Any categories which are not included can be stated
to be “not applicable” or “not considered”.

The methodology used to derive the loss associated with each category should be detailed. This should
include the general approach such as statistical methods, timeseries methods and/or empirical
information. For each method, more details should be provided such as the source and temporal
resolution of the data.
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The following elements shall be included as an introduction and overview:

e Text:

o Details for all relevant loss categories shall be included, according to the sub-headings listed in
this section

o Where the impacts of loss categories are excluded, the reasons for the exclusions shall be
given

o Where losses differ in the first year(s) or in later year(s), this shall be noted.

7.1.14.0 Wake, Blockage, and Other Turbine-Atmosphere Interaction Effects
With regard to Wake Effects, the following elements shall be included:

o | Text:
o Statement of the wake model(s) used, including relevant parameter-settings and details of
validation for the current purposes

o If relevant, statement regarding methods for determining internal, external and future wakes, by
combining results from individual wake models, together with a justification for any differences

o Statement of justification regarding any methods used(to, correct the calculated wake lpsses, for
example where the original wake methods have beén judged to be insufficient for the gurrent
purposes; details of validation for the use of the cdrrection for the current purposes.

o Statement summarising the build-out of the windfarms that underly the future wakes s¢enario(s)
e | Tables:
o Where more than one wake model is used, a table summarising the approach taken shall be
included, encompassing at a minimum the following fields:
=  Application, i.e. internal,.eéxternal
=  Wake model name
= Relevant Parameter Settings
Wake Efficiency (if applicable)
Ensemble Weighting:(if applicable)

If more than ong approach is used for calculating different aspects of the wake losses,|such as
internal and external, then this shall be described in one or more Tables

o Summary-efwindfarms included within the future wakes scenario(s); should include a prief
comment-regarding the stage of development, i.e. likelihood of being constructed, likellhood of
the timeframe being met and likelihood of capacity and WTG details being changed

= Windfarm name

= Generating capacity, including location where capacity is specified or metered
=  WTG numbers

=  WTG description

= Anticipated Timeframe

= Development stage, i.e. speculative, conceptual, final design etc.

A table of total wake losses (internal, external, and future) shall be reported for each WTG. The turbine-
specific wake losses can be combined with other turbine-specific tables described in sections 3.2.4 and
3.2.11.

The following group of sub-categories relate to Availability.

7.1.14.1 Turbine Availability

With regard to Turbine Availability, the following elements shall be included:
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o Text:

o Statement of the source, methodology and the rationale of the assumptions for the Turbine
Availability, including a description of how time-based availability has been converted in to an
energy-based availability value, if relevant, and the rationale for the values chosen

e Figures/Tables :

o Where the WTG availability differs over the years; this shall be presented in a Table, together
with the value selected for use in the main calculations. The yearly variability may also be
depicted as a graph in a figure.

o Comments supporting the Turbine availability level/profile can be provided for information and

would be expected to refer to Turbine availability elements as defined in IEC 61400-2¢4 Ed 1
(2019) [REF].

7.1.14.2 BOP Availability

With regard to BOP Availability, the following elements shall be included:

o [ Text:
o Statement of the source, methodology and the rationale for the@ssumptions for the BQP
Availability
o Where BOP Availability has a significant impact on the Net Energy Yield, i.e. 1% or mgre, a
statement of the breakdown of the source of availability may be included

e | Tables:
o Where BOP Availability has a significant impact on‘the Net Energy Yield, i.e. 1% or mqre, a
summary table may be included, identifying major sub-categories such as:

=  WTG Transformer

=  Windfarm array Cables / Overhead Lines

=  Windfarm Substation, i.e. located within the windfarm

= Export Cable / Overhead'Line

=  Windfarm Grid Substation, i.e. located adjacent to the grid connection

= Other electrical infrastructure, such as reactive compensation substation

o Comments, including brief reference to source, methodology and the rationale for the
assumptions

7.1.14.3  Grid Availability
With regard to Grid Availability, the following elements shall be included, if available:

e | Text:

o Statement of the source and the rationale for the assumptions for the Grid Availability; [the
following details may be included:

Type of grid: transmission, distribution or local
Voltage level
Degree and detaits of any redundancie

7.1.14.4  Electrical Efficiency

With regard to Electrical Efficiency, the following elements shall be included:

o Text:
o Statement of the source, methodology and the rationale for the assumptions for the Electrical
Efficiency
o Where Electrical Efficiency has a significant impact on the Net Energy Yield, i.e. 1% or more, a
statement of the breakdown of the source of efficiency shall be included, if this information is
available.

o Statement of where the project will be metered, typically either on the low-voltage (project) side
of the project substation, or on the high-voltage (grid) side.
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e Tables:
o Where Electrical Efficiency has a significant impact on the Net Energy Yield, i.e. 1% or more, a
summary table may be included identifying major sub-categories such as:
=  WTG Transformer
=  Windfarm array Cables / Overhead Lines
=  Windfarm Substation, i.e. located within the windfarm
= Export Cable / Overhead Line
=  Windfarm Grid Substation, i.e. located adjacent to the grid connection

] QOther electrical infrastructure Qunhnerpnrmuarnmpnnqnﬂnnenhﬂnﬁnn

o Comments, including brief reference to source, methodology and the rationale for the
assumptions

7.1.14.5 Facility Parasitic Consumption
With regard to Facility Parasitic Consumption, the following elements shall be included:

o | Text:

o Statement of the source, methodology and the rationale of the~assumptions for the Fagility
Parasitic Consumption. The statement shall include the rationale for excluding this los$, if
applicable. If the project is net-metered, the loss is typically included in the energy yield
assessment; whereas if there is a separate meter for,inbound power, this loss is typicdlly not
included in the energy yield assessment, but rather; becomes part of the windfarm’s O&M
costs.

7.1.14.6  Sub-optimal Performance
With regard to Sub-optimal Performance, the following elements shall be included:

o | Text:

o Statement of the source, methadology and the rationale of the assumptions for the Sub-optimal
Performance

7.1.14.7 Generic Power Curve Adjustment
With regard to Generic Power Curve Adjustment, the following elements shall be included:

e | Text:

o Statement of the source, methodology and the rationale of the assumptions for the Geperic
PowerCurve Adjustment

o Whetera measured power curve is used and the windspeed was measured within the induction
Zohe, or a calculated power curve is used, and this is defined as being equivalent such a
measured power curve, this sub-category may include a correction for measuring the
windspeed within the induction zone

7.1.14.8 Site-specific Power Curve Adjustment

With regard to Site-specific Power Curve Adjustment, the following elements shall be included:

o Text:
o Statement of the source, methodology and the rationale of the assumptions for the Site-
specific Power Curve Adjustment, including:
= air density,
= wind shear,
= turbulence intensity,

7.1.14.9 High Wind Hysteresis

With regard to High Wind Hysteresis, the following elements shall be included:
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Text:

o Statement of the source, methodology and the rationale of the assumptions for the High Wind

Hysteresis, including:
= Cut-in, cut-out and ramping windspeeds activation levels

The following group of sub-categories relate to Environmental Losses.

7.1.14.10 Icing

With r

gard to Icing the following elements shall be included-

Text:
o Statement of the source, methodology and the rationale of the assumptions forthe |
including:
=  Frequency of instrument icing observed at on-site met towers,

o Use of generic regional assumptions versus temperature data sources

7.1.14.11 Degradation

With

egard to Degradation, the following elements shall be includegd:

Text:
o Statement of the source, methodology and the rationale of the assumptions for the
Degradation, including:
= Components affected:
= Blades
= Drive-train
= Driver for degradation; stich as age, insects, dirt, salt, deterioration
= Recovery, such as;scheduled maintenance, rain cleaning

7.1.14.12 Environmental Loss (External conditions)

With 1
appro

egard to Environmental:Loss (External conditions), the following elements shall be in
briate for the losses applied:
Text:

o Statemeht of the source, methodology and the rationale of the assumptions for the
Environmental Loss (External conditions), including:

= Presence of migrating birds or bats

7.1.1

.13 \_Exposure Changes

With regard to EXposure Changes, the 1ollowing elements shall be included:

Text:

ing,

cluded if

o Statement of the source, methodology and the rationale of the assumptions for the Exposure

Changes, including:

= Tree growth and felling

7.1.14.14 Load Curtailment

With regard to Load Curtailment and the sub-categories of Curtailment and Operational Strategies
Losses, the following elements shall be included:

Text:
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1482 o Statement of the source, methodology and the rationale of the assumptions for the Load
1483 Curtailment, including:
1484 = Wind sector management

1485 7.1.14.15 Grid Curtailment

1486  With regard to Grid Curtailment, the following elements shall be included:

1487 o Text:

1488 o Statement of the source, methodology and the rationale of the assumptions for the Grid
1489 Curtailment, including:

1490 = Grid constraints (caused by capacity limits in the local or regional grid)

1491 =  Grid curtailments (caused by capacity limits in the national grid)

1492 =  Whether the grid limitation is being applied as a static or dynamic curtailment.

1493 7.1.14.16 Environmental / Permit Curtailment

1494 With regard to Environmental / Permit Curtailment, the following elements shall be included:

1495 o | Text:

1496 o Statement of the source, methodology and the rationate of the assumptions for the
1497 Environmental / Permit Curtailment, including:

1498 = Noise management

1499  7.1.14.17 Operational Strategies

1500  With regard to Operational Strategies, the following elements shall be included:

1501 o | Text:

1502 o Statement of the source and-the rationale of the assumptions for the Operational Strategies,
1503 including:

1504 =  Methodolagy for determining the loss

1505 = Extent of’application

1506  7.1.15 Uncertainty Analysis

1507  With regard to Uncertainty Analysis, the following elements shall be included:

1508 o | Text:

1509 & a description of the uncertainty associated with each individual adjustment and loss sub-
1510 category shall be reported

1511 o methodology for determining the uncertainty shall be presented

1512 o in general, the uncertainty should be justified and should reflect the supporting evidence; this
1513 could be of the form of:

1514 = assessment from first principles, based on statistical theory and relevant evidence
1515 bases

1516 = benchmarking of historical performance at representative operational windfarm projects
1517 o where the methodology reverts to common practice, this shall be clearly stated.

1518 o If no benchmarking has been undertaken or no other evidence is available to support the
1519 assumptions, a conservative approach to uncertainty shall be utilised.

1520 o Methodology for determining the wind-to-energy sensitivity ratio
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o applicability of any evidence base to the current assessment

o Methodology for Combining Uncertainty categories

The uncertainty analysis shall focus on the categories that have the largest impact on the overall energy
yield uncertainty, in terms of the uncertainty itself as well as the general confidence in the approach and
opportunity to improve the methodology.

Additional guidance is provided below for selected sub-categories.

7.1.15.0 On-site Measurement

With regard to assessing the uncertainty of On-site Measurement, in additional to the general principals
outlingd above, the following shall be reported:

o [ Text:
o Suitability of measurement technology for the particular site
o Data coverage, including availability and benefits from redundancy

7.1.15.1 Vertical Extrapolation

With regard to assessing the uncertainty of Vertical Extrapolation, in additional to the general principals
outlingd above, the following shall be reported:

e | Text:

o Presence of measurement biases, such as mast shadow, that could impact the uncertpinty
propagation

7.1.14.2 Wake Effects

With regard to assessing the uncertainty of Wake Effects, in additional to the general principalg outlined
above|, the following shall be reported:

o [ Text:
o Wind climate characteristics, in particular stability
o Lower rotor blade tip clearance, where this is lower than utilised in wake benchmarking studies

o An example would:be offshore where lower blade tip heights have become progressively
proportionally.smaller over the years

rincipals

with existing models

o Maturity of operation and maintenance strategy
o Robustness and adaptability of operation and maintenance strategy
o Level of detail considered within availability studies

o Terms in contractual availability warranties (definitions and limitations/compensation caps)
7.1.16 Compliance to Standards
With regard to Compliance to Standards, the following elements shall be included.

e Text:
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o Relevant standards: These would include, at a minimum, the standard described herein (IEC 61400-15-
2). It could also include other international or national standards, such as MeasNet [reference] or FGW
TRG6 [reference].

o Description of reasons for non-compliance (can be in text or table)

e Tables:

o Summary of all issues of non-compliance and anticipated impact on energy production as well as the
associated uncertainty

7.1.17—Conclusions and Recommendations
With regard to Conclusions and Recommendations, the following elements shall be included-

o Tgxt:
o | Main conclusions highlighting primary conclusions as well as unusual characteristies of the work

o | Recommendations for measured that could be taken to reduce the uncertainty’associated with|the
energy yield assessment can be provided, such as additional measurements, data sources ang analysis
that would have a material impact on the main results and / or the associated uncertainty

e Tdbles:

o | IEC summary tables as described in section 7.1.1

In genjeral, a well written Conclusions and Recommendations section should be no longer than two or
three pages.

7.1.18 Appendices

The r¢port may include Appendices, covering information additional to that presented in the main body
of the|report. Examples of material that is suited for appendices includes:

e Calibration certificates

e Installation reports

e Varification and validation reports

e Sypporting analyses, providing additional detail than is usually in a typical main report

Only naterial that is directly relevant and critical to the understanding of the energy yield asgessment
report/should be included. All other material can be included in the form of references.

7.2 Wind Energy Yield Assessment Digital Exchange Format (EYA DEF)

The wind(Energy Yield Assessment Digital Exchange Format (EYA DEF) organises key [eporting
elements/into a h|erarch|cal data model in the form of a JSON Schema The JSON Schema p fovides a
standardprotocot-fordataexchange Sers—e ) . - i smimon and
clear definition of the data structure and meanmg of data |tems The JSON Schema also faC|I|tates data
validation, so that a receiver of a wind EYA DEF JSON document can automatically validate that the
data are fully compliant with the data model specification.

A JSON document that is compliant with wind EYA DEF JSON Schema shall be prepared and distributed
alongside the main written report. The compliance of a JSON document with the wind EYA DEF JSON
Schema can be checked using any standard JSON Schema validation tool.

This standard is concerned only with the content of the digital exchange format and imposes no
requirements with regards to technology for data transmission and storage, or protocols for digital
signatures and encryption. In the simplest form of data exchange, an EYA DEF document may simply
be transmitted as a JSON text data file attached to an email together with the main written report. It is
however expected that secure APIs for EYA DEF documents will be developed to automate the data
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exchange process and provide comprehensive functionality to ensure data security and integrity. The
user of this standard should adopt appropriate best practices to ensure data security and integrity in
transmission and storage of wind EYA DEF data. Adherence to such best practices will minimise the risk
for data manipulation or unauthorised access. Encoding and compression of the data should be specified
at the point of access (for example in the API specification).

The wind EYA DEF JSON Schema is available at the following URL:

hﬂtps://raw.qithubusercontent.com/lEC-61400-15/eya def/main/json _schemal/iec 61400+1%-
2 |eya def.schema.json.

Examples, tools, documentation and other material related to the wind EYA DEF are available in the
GitHup repository at the following URL.:

https://github.com/IEC-61400-15/eya def.

7.2.0 Aims and use cases
The wind EYA DEF aims to facilitate:

— data sharing with a wider range of stakeholders in an automated fashion;

— comparison of EYA results from different parties, for example for example from different third-party
copsultants;

— integration with other systems, such as financial model software; and
— aufomated generation of reporting tables.

For example, if a project developer receives’ EYA DEF JSON documents from its indg¢pendent
consujtants, the data can immediately be loaded into the relevant internal databases and applications,
and the results compared between the;different consultants and with internal findings. Then the
develgper can share the wind EYA DEE\JSON documents with lenders, investors and any otherfinancial
institutions who require the information to evaluate the project. They in turn will all be able te pull the
data they need into the relevant applications without the requirement for any manual data pr¢cessing.
The s@me goes for other projectstakeholders who require EYA reporting data.

It is glso expected that the ‘\EYA DEF data models will provide a helpful reference for campanies
develdping energy yield asseéssment software. Whilst the data models used internally in such|software
of coyrse do not need o, mirror the EYA DEF in order to be able to export results in EYA DEF format,
the EYA DEF data models may in some circumstances prove useful and avoid the need to cgmpletely
new design new data-models.

7.2.1 Data model overview

7.2.2 [Tools

It is expected that the wind EYA DEF will Support the creation of tools for processing, validating (beyond
the declarative validation inherent in the JSON Schema), visualising, reporting and comparing energy
yield assessment data in a standardised manner. Such tools are anticipated to help facilitate the adoption
and ease of use of the EYA DEF. This standard imposes no requirements on the use of any specific
tools.

7.3 Table of Contents for an Energy Yield Assessment Report (informative)

As a guide, the following table of contents may be used to structure the energy yield assessment report.
While the section and subsection structuring and numbering presented here are informative, the
elements described throughout the body of section 3 (“Reporting”) are normative, except where explicitly
indicated as informative.

Executive Summary
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IEC Summary Tables
Scenario Comparison
P50 Annual Energy Production
Uncertainty and Probability of Exceedance Values
Categorical Wind Speed-based Uncertainties
Categorical Plant Performance Losses and Uncertainties

Introduction
Site Description
Measurement Campaign

Méasurement Data Quality Confrol
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Uncertainty Analysis

Compliance to Standards
Canclusions and Recommendations
Appendices

7.4 G

8 C

This dection outlines the process of combinimg~component uncertainties, towards calculating

uncer

of undorrelated (independent) uncertainty>components, but also allows for additional uncertai
cross{component correlations.  Further, a basic statistical method is given for combi

uncer
uncer

Refer
combi
https:

nd Resource Characteristics at Measurement Station Height
storical Wind Resource

pject Wind Resource Characteristics at Hub Height

rizontal Extrapolation

oss Energy

ant Performance and Net Energy Yield

Appendix A. Supplementary Information or Calculations
Appendix B. Measurement Installation and CalibratieonrxDocumentation

puidance and Examples for the IEC Summary Tables

pmbining uncertainties

ainty estimate for predicted energy at.a given site. The framework begins with simple corn

ainties from multiple measurement sources; this allows for de-correlation of individual cg
ainties across masts, accouhting for the resultant reduction in uncertainty.

to Annex A for details‘on the application and use of the accompanying Excel spreads
hes all uncertainties.- The accompanying spreadsheet can be downloaded from f
/www.iec.ch/tc88/supportingdocuments

8.0

Unles

distributed? \(Gaussian); subsequently the uncertainties quoted correspond to standard dg
unlesg atherwise noted.

Description.of uncertainty combination

5 otherwise specified, all uncertainty components and subcomponents are assumed to be

a single
nbination
ty due to
ation of
mponent

heet that
he URL:

normally
viations,

Uncertainties are expressed as dimensionless quantities (e.g., as percentages or decimals), in terms of
either mean wind speed or energy. A speed-to-energy “sensitivity factor” sy is used to relate uncertainty
in mean wind speed o,y to uncertainty in energy oy g, SIMpPly as oitr = SyrOiory (S€€ Section 8.3 for
more details).

Most generally, uncertainty components may be combined via,

1 The assumed non-systematic random behavior corresponds to type “B” uncertainties in GUM (JCGM, 2008), i.e., derived

with prior knowledge or model. Some uncertainty components might be labeled as type “A” in GUM (from data only) and are
assumed also to be normally distributed. Exceptions to this shall be noted by the user/reporter of the uncertainty.
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Ototal = z af + Z(Pijai(fj)‘ (8-1)

i JER)

Where:
orotar 1S the total combined uncertainty, expressed as a percent of wind speed
g;, 0; are the uncertainty components, expressed as a percent of wind speed

+l lots ££1 o 4 £ H H £ toiat F d
pl']' alrc  Uure  UUTTTTAUUIT CUTTITUITTTIIO  TUI Cllly yIVUII pan Ul UuriovtTlI LaIIILy CUTTTYUTITTILO, UL dl O_j,

expressed as unitless values between 0 and 1

Equatjon (8-1) is consistent with the JCGM’s Guide to the Expression of Uncertainty in Measurément, or
“‘GUM| (JCGM, 2008). Each component corresponds to a different type: e.g., unceftainty in Horizontal
extragolation, wind-speed measurement, long-term correction, etc.

8.1 Combination of component-uncertainties

Numefous uncertainty components are separately estimated for the different processes and parts of
resoufce (energy-yield) assessment. Some of these also contain sub-components that hgve been
combiped into a single bulk component category estimate, whi€h, is given as input into [the total
uncerfainty combination calculation. The list of inputs is found in Tiable 8-1 and Table 8-2.

A widgspread, implicit assumption in the wind industry has\been that uncertainty componenis are all
uncorfelated. Under this assumption of independence allp;; = 0, so that the total uncertainty shown in
(1) simply reduces to

Ototal T z Uiz (8-2

i

Wherg:
ororar |iS the total combined uncertainty, expressed as a percent of wind speed
o; arg the uncertainty components, expressed as a percent of wind speed

Equatjon (8-2) expresses,the total uncertainty computed as the root-sum-of-the-squares (R$S) of all
uncerfainty components:This is the basis of the current edition standard, although the stangdard and
assoclated calculation 'sheet permits the use of correlated error, computed using Equation (8-1).

Howeyer, thereare elements of wind resource assessment which are linked, where the assumption of
uncorfelated d; becomes invalid. For example, frequently, in the case of model-related uncertaipties, the
mode| depénds upon wind speed input, which results in a nonzero correlation (p;;) between the
measiirement uncertalnty and the model uncertainty subcomponents. A common pract|ce in|the wind

3 ; all {i g error can
result in S|gn|f|cant error in the estlmated uncertamty (potentially mflatmg or underestlmatmg the
uncertainty).

We further note that to avoid ‘double-counting’ propagated wind measurement uncertainty, it must be
reported separately every time that it arises—to properly calculate the excess propagation.

8.2 Multiple measurement sources separated in space and practical combination of
uncertainties

Just as there can be correlation between some uncertainty components, some of these components can
become spatially de-correlated when being considered at points separated in space —as occurs when
modelling wind resource based on multiple measurement masts. This contrasts with the common
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assumption that uncertainties can be treated as identical at all masts. Multiple masts are used to exploit
such decorrelation.

Following common industrial wind practice, we begin simply by assuming that uncertainty components
(types) are uncorrelated with each other, and that each component itself is fully correlated across mast
locations (if multiple masts are used); then relevant cross-component correlations can be added if
desired, and cross-mast decorrelations can be included if justified.

To exploit multiple mast data, cross-mast de-correlations for components (listed in Table 8-1) may be
used with justification. For each uncertainty component (g;), if multiple masts exist, then the uncertainty
compgnents per mast m and n (o;,, or 0;,) are added across all mast pairs, analogous to Equatfon (8-1),

o; = \]Z [(Wm()'i'm)z + Z (CmnWmWnai,mai,n)] (8-3

n>m

Where¢:
o; is the cross-mast uncertainty for component i, expressed as a percent(of wind speed

o;m 010, are the i*" uncertainty components corresponding to mast,m>and n, expressed as 3
percent of wind speed

w,, or i, are the fraction of plant energy represented by each mast (energy weighting)
expressed as a percentage

cmn alle the inter-mast correlation coefficients, expressed as’ dimensionless values between (
and 1

In the|case that uncertainty components o;,, and o}, are fully correlated across masts (c,, 5 1 for all

m,n) and Equation (8-3) reduces to simple addition-across masts, g; & Y., 0im-

Analogous to Equation (8-1), for decorrelation'between uncertainty components across masts, g4 reduced
correlgation coefficient (p;;) results in a reduced total uncertainty.

Subsgquently, the components can”be combined according to (8-2) and (8-3). In practjce most
uncerfainty components have _.p;;= 0 but those from the list in Annex B may have nonzefo cross-
component correlations.

8.3 |From wind speed'to energy uncertainty; the energy sensitivity factor

The tqtal uncertainty in mean wind speed o,y is related to the uncertainty in energy oy, by

Otot, e = SUEOtot,U (8-4

where

oot g 1S standard energy uncertainty, expressed as a percentage of net energy
syg is the speed-to-energy “sensitivity factor”, expressed as a ratio

ooty 1S Wind speed uncertainty, expressed as a percentage of wind speed

The speed-to-energy (“sensitivity factor”) is defined by s;; = dE/dU. This can be approximated by a first
order difference,
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0E AE

=08 2k 8-5
SuE =50 7 au (8-5)

Where:

syg is the speed-to-energy “sensitivity factor”, expressed as a ratio

2—5 is sensitivity coefficient, expressed in differential form

E
EIS SEensSIUVvIly coetricient, expressed In discrete torm

1740 For a given energy calculation driven by wind speed statistics (including wake effects) one pefnturbs the
1741 mean |wind speed (input) by + AU/2 to calculate the corresponding AE. A value AU(="20.,y is gpecified;
1742 if anofher value is chosen for AU, this must be reported and explained.

1743 In general, for a given wind farm the total energy may exhibit a non-linear dependence on mgan wind
1744 speed|, so that sy is also a function of wind speed. Thus s,z may be €hecked using multiplg AU; one
1745 can also calculate bin-wise sy (U) if one has computed a ‘wind farm®power curve,” i.e., EQU). It is
1746 assumnjed that the long-term sy is the same as that obtained from the limited measurements—+that the
1747  shapé€| of E(U) does not change.

1748  As an|advanced option, one may additionally undertake thecabove per wind direction sector, ahd report
1749 sectoral frequency-weighted calculations, to obtain a total’'uncertainty.
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1750 Table 8-1 — Measurement-Based Uncertainties, Wind-related

Wind Related Uncertainty Components

Historical Wind Resource
Representativeness of Long-term Period
Reference Data Consistency

Reference Data-Measurements

Reference Data-Modelled
Long-term Adjustment (MCP/method)
(Wind Speed) Distribution Uncertainty
On-site Data Synthesis (gap filling)
Measured Data Representativeness

Project Evaluation Period Variability
Wind Speed Variability (IAV)

Climate Change
Plant Performance (availability, environmental)

Measurement Uncertainty
Wjnd Speed Measurement
Wijnd Direction Measurement / Rose
Ofher Atmospheric Parameters

Data Integrity and Documentation

Horizontal Extrapolation
Model Inputs
Model Sensitivity/Stress
Model Appropriateness

Vertical Extrapolation
VE model Uncertainty
EXcess Propagated Measurement Uncertainty

1751
1752
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Table 8-2 — Measurement-based Uncertainties, energy-related

Energy Related Uncertainty Components

Plant Performance

Turbine Interaction/Wake and Blockage Effects

Availability

Turbine

BOP

Grid

Eleetrieal

88/1038/NP

Electrical Efficiency

Facility Parasitic Consumption

Tyrbine Performance

Sub-optimal Performance

Generic Power Curve Adjustment

Site-specific Power Curve Adjustment

High Wind Hysteresis

Environmental

Icing

Degradation

Environmental Loss (External conditions)

Exposure Changes

Curtailment / Operational Strategies

Load Curtailment

Grid Curtailment

Environmental / Permit Curtailment

Operational Strategies

9 P

Losse
expre

9.0
9.1

Plant
and t4

Net Energy Estimation

Loss Assessment

ant Performance Loss Calculation.and Uncertainty

Table 3 — Overview of plant performance losses.

5 in a wind farm are specified here:dsia percentage in relation to the gross energy yield. Urjcertainty
tsed as a percentage defined as“standard deviation divided by average.

performance losses calculation methods are not normative in this standard, but their catedorization
ble for reporting them is normative.

Loss category

Loss Sub-categories

Turbine Interaction

Internal Turbine Interaction Loss (inc. Wake and Blockage Effects)

External Turbine Interaction Loss (inc. Wake and Blockage Effects)

Future Turbine Interaction Loss (inc. Wake and Blockage Effects)

Availability Turbine availability
Balance of plant (BoP) availability
Grid availability

Electrical Electrical Efficiency

Facility parasitic consumption

Turbine performance

Sub-optimal wind farm performance

Generic Power Curve Adjustment

Site Specific Power Curve Adjustment
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High wind hysteresis

Environmental Icing

Degradation

Environmental

Exposure changes

Curtailments Loads curtailment

Grid curtailment

Environmental/Permit curtailment

Owner directed operational strategies

Lossels shall be expressed as an efficiency factor, ni, where ni = 1 - lossi. The Net Energy| shall be
calculpted as the product of the Gross Energy and the individual loss factors, as shewn”in equation X.
The ofigin, magnitude, and uncertainty of the individual loss factors shall be specified'and be presented
in a tgbular form to match right column of Table 3.

Ntotal=|N1*N2"N3" ... *Ni

AEPNgT = AEPGROSS* Ntotal

Note: gituations arise where losses cannot simply be multiplied. Thiscoceurs when individual losges affect
one apother. In this scenario, an effective efficiency factor may be calculated for the individujal losses
such that they may be treated as above. For example, losses{due to bat protection (e.g. frojn sunset
until unrise) and reduced power modes during night times (eg. from 22 h to 6 h) shall be cplculated
considering the temporal overlap when both modes are occufring simultaneously, as depicted gnaphically
below

LY
%]
S Reduced

B |
D power
pﬁ& ction mode
.0

9.2 ([Uncertainty Assessment

The chtegorical loss uncertainties are expressed as a percent of gross energy. All uncertainty values
reported shall be caleulated according to the normative methods detailed in the Uncertainty Model
elsewhere in thiststandard, with the following exception. The preparer of the report may use an
alterngtive uncetrtainty calculation for a subcategory provided that the method of calculgtion and
assunjptions_-made are described in the report, and that those methods and assumptions are supported
with c|table studies.

It is importanttostressthatthe methodotogiesto calcutate thetossuncertaintiesas perthis-standard
have varying maturity: While a limited number of plant performance loss uncertainties can be derived
directly from loss measurements (e.g. Generic Power Curve Uncertainty can be derived from the spread
of measured power curve test results), most plant performance loss uncertainties revert to common
practice and a benchmarking exercise that has been undertaken since no analytical common approach
exists for determining them. The results of the benchmarking exercise are indicated in the following
section by “The uncertainty range typically considered is between x % and y %”. The uncertainty
calculation methodology in the uncertainty model reflects this benchmarking exercise.

Each of the following subsections is structured as follows:

First, there is a brief description of the plant loss category. The uncertainty range derived from
benchmarking is provided, followed by a list of uncertainty drivers that “must be considered”. To calculate
the uncertainty for each driver the user is referred to the driver category of the respective plant
performance loss uncertainty in the uncertainty model. Where necessary, more detail to the uncertainty
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quantification is provided, e.g. for the uncertainty driver “Completeness of BOP design and relevant
components and subsystems® of the Balance of Plant uncertainty the following detail is provided: where
an indicative study is considered “preliminary” and a final study approved by an engineer of record is
called “final” as per the uncertainty model.

9.2.0.0 Turbine (or Wind Farm-Atmosphere) Interaction

Turbine Interaction Loss is defined as the difference between the total power produced by the wind
farm and the sum of the powers that would be produced by each turbine if each were operating in
isolation. It represents a long-term average reduction in energy yield due to aerodynamic interactions
between the turbines and the atmosphere. Array efficiency is defined as 100% minus this turbine

1 i ] | W RN R s L dlat Ja b |
interagtiontoss—tathemmaticaltythiscanbe—stated—=s:

TurbinelnteractionLoss = 100% — Ngrray

Net Energy Yield fozn fovmax YTurbines p yeray p(V, 8)dVd6
Gross Energy Yield foz" fovmax ynturbines p wation P(V, 8)AVdO

7')Array =

wherel:

o | p(V,0) is the probability density of wind speed V and direction 6 (i;e. the wind rose), th¢ integral
of which is 1.

* | Prarray is the power generated by the wind turbine when it is-positioned inside the array

o | Pusoation 1S the power that the turbine would generate«ifiit were operating in isolation

The agrodynamic interactions between wind turbines and’wind turbines and the atmosphere afe
complex, and are the topic of much ongoing research. The future direction of the industry is ndt known,
but th|s section aims to accommodate current common practice as well as continuing and expegcted
advances in methods for energy yield assessment;.the latter are usually evaluated using relatiyely
simpl¢ wake models. Though there is substantial variation across the industry, these wake mofels
include various assumptions and limitations; typically, one or more of the following are implicit[in such
models:

e | Assume that each turbine only afféects turbines downwind;

e | Assume an initial, idealised velocity deficit downwind of the rotor, then model how this dissipates
via turbulent mixing;

¢ | Include empirical parameters, allowing them to be tuned to measured production data;
o | Assume steady-state ‘conditions or calculate only temporally-averaged effects;

¢ | Incorporate soeme sensitivity to certain characteristics of the inflow conditions (e.g. tyrbulence
intensity) but disregard other characteristics (e.g. the capping inversion);

e | Use superposition to combine individual turbine wakes into a wind farm flow field;
¢ [ In seme cases, fail to respect conservation of mass and/or momentum; and,

o | ltysome cases, require additional terms to capture wake losses inside large wind farmd.

By contrast, turbine interaction losses are known to:

e Include upwind and lateral interactions caused by the pressure fields induced by the turbines,
which in turn affect the wake development;

e Be sensitive to a complex and interconnected set of inflow characteristics (e.g. stability, shear
and veer, turbulence characteristics, boundary layer height);

e Be strongly influenced by dynamic, unsteady turbulent process driven by ever-changing inflow
conditions as well as internally-generated unsteadiness;

e Interact with terrain topography and roughness, and be influenced by hub height; and,

e Be driven by physical processes which obey conservation laws (mass, momentum, energy etc).
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Ideally, all of these interaction effects would be captured in a single integrated model, so that all of the
feedback effects are included. However, such models may be too computationally expensive to apply
for all use cases, particularly when iterating on many potential turbine array scenarios. It is expected
that the industry will move towards routine use of integrated models as these models develop, computing
power grows and more comprehensive validation datasets become available. However, at present, it is

rathe

r common to separate out turbine interaction effects into multiple categories:

Wake effects, which include (at least) the turbulent diffusion of the velocity deficit behind each

rotor; and,

Blockage effects, which include (at least) the slow-down of the wind upstream of a set of wind

turhinac dua ta tho nracciira aradiante aanaratad hvy thocao thrhinac’ threiict
to R eS80t e—prosSSuHe—gaereits— e e a6 aB YO SE oo e S— i usSt

Other wind farm or turbine atmosphere interaction effects

When|segregating the modelling approach in this way, care must be taken to ensure that.no ef
doublg¢-accounted or omitted, and that all relevant feedback/coupling effects are included. In p

invisc

X.

Three|categories of turbine or wind farm-atmosphere interaction losses must-be considered:

1.

Each

For t

Internal turbine interaction losses, i.e. the energy change occurring due to wake, block
other interactions between turbines and the atmosphere in the same wind farm;

External turbine interaction losses, i.e. the loss occurring-.due to the impact of wake, |
and other interactions between the subject wind farm and-those generated by existing
external to the wind farm; and,

Future turbine interaction losses, i.e. the loss occurring due to the impact of wake, blocK
other interactions between the subject wind farmyand those generated by wind farms v
likely to be built in the future. If required for the.analysis, additional possible scenarios of
future speculative external wind farms may.be analysed, with an appropriate descripti
scenarios considered and the rationale fortheir consideration.

bf these three categories can be predicted by using either
Separate models for wake and hleckage, using the approaches described in Section X

A single integrated model encompassing all of the key physical drivers, using the
described in Section X.

calculation of externalvor’future turbine interaction losses, all wind turbines that coul

cumulative non-negligible impact on the target wind farm shall be considered. Non-negligi
effect$ have been showntto ‘persist for several hundred turbine rotor diameters (or several \
mean|diameters) under'stable atmospheric conditions offshore. For consistency, the sam
neighbouring wind farms’should be considered for both wakes and blockage, or other effects, if
modells are beingtutilized. A consistent approach to uncertainty assessment is applied a
segregated anddntegrated modelling approaches, as explained in Section X.

If an

when segregating wake and blockage effects into separate models, there are six |

fects are
articular,

d effects inside the wind farm must be considered carefully. This is discussed further im Section

age, and

lockage,
turbines

age, and
vhich are
possible
pn of the

or,

hpproach

d have a
ble wake
ind farm
e set of
separate
cross all

0SS sub-

S(lgregated Wake and Blockage Modelling

categd ries which- must be considered, as summarised-in Table 1

Table 1 — Segregated Modelling Approaches

Category Sub-Category Segregated Modelling Approach

Inte
Inte

rnal Turbine Internal Wake Loss Wake model of the wind farm in question

raction Loss

Internal Blockage Effect Blockage model of the wind farm in question, if calculated separately

Inte

External Turbine External Wake Loss Wake model of the wind farm in question and its existing neigh
raction Loss Factor out the internal wake loss to isolate the external wake loss.

bours.

External Blockage Effect Blockage model of the wind farm in question and its existing

external blockage effect, if calculated separately

neighbours. Factor out the internal blockage effects to isolate the
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Futu

Interaction Loss

re Turbine Future Wake Loss Wake model of the wind farm in question, its existing neighbou

losses to isolate the future wake loss.

potential future neighbours. Factor out the internal and external wake

rs and its

Future Blockage Effect Blockage model of the wind farm in question, its existing neigh
and its potential future neighbours. Factor out the internal and
blockage effects to isolate the future blockage effect, if calcula
separately

bours
external
ted

The analyst must clearly specify:

The scope of the wake model. i.e. the physics which the model is formulated to capture (“intended

scope”) and the physics it may capture inadvertently through tuning to measured
(“emergent scope”).

The scope of the blockage model, i.e. the physics which the model is formulated tq
(“intended scope”) and the physics it may capture inadvertently through, tuning to n
datasets (“emergent scope”).

datasets

capture
neasured

The means of coupling and/or combining the wake and blockage models to obtain an overall

turbine interaction loss.

This dlistinction between intended and emergent scopes is crucial. For €xample, consider a wa

incorp
dissip
inevita
formu
model

Genet
work ¢

The
accou
gener

Both 3

orating only a velocity deficit behind each rotor and an empirieally-tuned dissipation ra
ption rate is tuned to measured production data, using the'deading row as a referen
bly capture some of the inviscid effects inside the wind farm. These are not part of thg
ation but will be present in its output, so including thesesinternal inviscid effects within a
would result in the double-accounting of that effect.

ally, a mismatch between the intended and emergent scopes of a model may reduce its
onsistently across a range of wind farm sizes and-geometries.

nalyst must demonstrate that the combination of wake and blockage models neithe
ts for any effect nor misses out any effects that have a significant impact on energy
bl, there are (at least) two ways in whichthis can be achieved:

Segregating by location, i.e. upstream vs within the wind farm.
Segregating by physics, i.e. viscous vs inviscid effects.

pproaches are considered to be valid and for details of both approaches please refer to

A. Means of demonstrating that{these requirements have been met are summarised in the

sectio

n.

Whakes

Wind

This d
sprea
these

Thes¢

urbines extract-energy from the wind and induce turbulence and wind speed deficits dow
ownstream.effect is known as a wind turbine wake. As the flow proceeds downstream,
is and. fecovers towards freestream conditions. The wake effect is the aggregated infl
wakeS.on the energy production of the wind farm.

effects are known to be sensitive to various characteristics of the atmosphere, incly

ke model
e. If that
e, it will
model’s
blockage

ability to

double-
yield. In

Appendix
reporting

nstream.
the wake
uence of

ding the

freest

distan

camturbutence illtcuaity, strear—and atllluapilvlib atabiiity. Bifferentmodets baptwc these effects
in different ways. Depending on site specific wind farm, meteorological and physiographic conditions,
material instantaneous or persistent velocity deficits associated with wind farm wakes may linger for long

ces, from several rotor diameters to a few hundred rotor diameters, downstream.

The uncertainty assigned to wake losses can be expressed as a fraction of the absolute wake loss. The
typical uncertainty range is between around 10% and 60% of the wake loss; the specific value must be
evaluated based on validation data as described in Section .

When
[ ]

reporting the wake loss, the analyst must record:

The software (including version number) used for the calculation;

The wake model employed, the wake superposition method used (if any) and the values of any

user-specified parameters;
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e The physical basis for the model, whether or not the model conserves mass, momentum and
energy, any significant numerical approximations (e.g. parabolic rather than elliptic solution),
whether any deep array correction is used, and the process by which any empirical parameters
have been tuned;

o Any differences in setup between the calculation in question and the validation cases;

e The atmospheric variables to which the wake model is sensitive (e.g. freestream turbulence,
atmospheric stability etc.), the ways in which these variables influence the results, the values
used in the analysis and the origins of those values;

e The verification checks that have been performed on the analysis; and,

e | The wake losses for each individual WTG and for the entire wind farm for the Internali| External
and Future categories.

Blo¢gkage Effects

As the wind approaches the rotor of a wind turbine, its speed reduces and the pressure incfeases in
response to the turbine thrust. For an individual turbine, this behaviour is wellkunderstood: the jnduction
zone (the region over which this slow-down occurs) has been studied extensively2. However, with a large
wind farm, there is a complex two-way interaction between the wind farm)and the atmospherne, where
flow ig diverted over and around the leading turbines due to the aggregate effect of multiple jnduction
zones|from the field of wind turbines. This effect is referred to as blockage.

The most striking effect of this is that the leading-row turbinesnay not experience the same wihd speed
as thdy would without the influence of the rest of the wind farm. This violates an assumption] made in
wakeg-only models, namely, that the aerodynamic impact of wind turbines only extends downwind. This
means that when turbine interaction models are validated 'using the leading-row powers as a réference,
they elxclude this change between freestream and leading-row conditions. The same inviscid effects can
cause|a recovery in the wind speed further downwind and/or around the wind farm which a wgkes-only
modell would not capture unless it was tuned to fit\such data.

space} such as wind direction, and most significantly, with the degree of thermal stratification, b¢th within
and alpove the boundary layer. With stable stratification, any obstacle may generate gravity wajes which
propagate away from the disturbance."Relevant parameters are thought to include boundary la
strendth of the capping inversion andthe lapse rate in the free atmosphere (static stability). Evgn though
thermal stability has an influenée on blockage effects, many blockage models at present use gross
approkimations to represent this influence or ignore it altogether. With a wide variety of apprqaches in
use and little consensus on what approaches are acceptable, validation will be the key to s¢parating
reliable approaches fromithose that are not.

To prgdict wind farm(energy yield accurately, what matters is that the blockage model and wake model,
or a ¢ombined approach that encompasses both effects, work together to account for all| physical
processes with @/non-negligible impact on energy yield in a consistent manner. In practice this jwill often
mean |that the_blockage and wake models must be validated together against measurements of the
combi[ed effects.

The upceftainty assigned to blockage is usually expressed as a proportion of the absolute blockage
effect. The typical uncertainty range is between around 10% and 60% of the estimated blockage effect;
the specific value must be evaluated based on validation data as described in Section _. At present there
is a dearth of measured data available for validation, though such datasets are beginning to emerge.

When reporting the blockage loss, if separable in the method utilized, the analyst must record:
e The software (including version number) used for the calculation;
e The blockage model employed and the values of any user-specified parameters;

e The physical basis for the blockage model, the superposition method used (if any) and the
process by which any empirical parameters have been tuned;

2 See, e.g., F.E.Brink, N.G.Nygaard, Measurements of the Wind Turbine Induction Zone, 21 Meeting of the Power Curve
Working Group, Glasgow, 13 Dec 2016
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A clear rationale that the wake and blockage models are complementary, i.e. all physical effects

are accounted for and none are double-accounted;
Any differences in setup between the calculation in question and the validation cases;

The atmospheric variables to which the blockage model is sensitive (e.g. atmospheric

stability,

boundary layer height etc.), how these variables influence the results, the values used in the

analysis and the origins of those values;

The verification checks that have been performed on the analysis; and,

The blockage effects for each individual WTG (if available) and for the entire wind farm for the

—rtermat, ExtermatandFuture Tategories:

ated Turbine Interaction or Wind Farm-Atmosphere Interaction Modelling

calculating wake and blockage effects together in an integrated model, there-are three loss

categories which must be considered, as summarised in Table 2. Each of these has”a corregponding
uncerfainty value. There is no requirement to split the result into wake and blockage components.
For a|wind farm that is part of a large cluster, it may be practical to run an_integrated model|(such as
RANS| CFD) for the wind farm in isolation but not for the whole cluster. In_this case, it is accegptable to
mix the integrated and segregated modelling approaches, as long ascthe combined approafgh has a
rigorols technical justification.
Table 2 — Integrated Modelling Approaches
Category Integrated_Modelling Approach
Interpal Turbine Single integrated model of the wind farm in_guéstion
Inter@ction Loss

Inter

External Turbine | Single integrated model of the wind farm’in question and its existing neighbours. Factor out tf

hction Loss internal turbine interaction loss to isolate the external turbine interaction loss.

Futu
Inter.

re Turbine Single integrated model of the_ wind farm in question, its existing neighbours and its planned

the future turbine interaction“loss.

hction Loss potential future neighbours. Eactor out the internal and external turbine interaction losses to igolate

=

The UJlncertainty assigned to the-tfurbine interaction loss is usually expressed as a proporti

absol
intera

te turbine interaction lessrand is calculated as described in Section . When reporting th
ction loss, the analyst.must record:

The software (ipcluding version number) used for the calculation;

The model employed and the values of any user-specified parameters;

the process by which any empirical parameters have been tuned;

Any differences in setup between the calculation in question and the validation cases;

THe atmospheric variables to which the turbine interaction loss model is sensitive (e.g

n of the
turbine

The physical basis of the turbine interaction loss model, any superposition methods uUsed, and

stability,

boundary layer height etc.), the methods by which those sensitivities are accounted for, the

values used in the analysis and the origins of those values;

The verification checks that have been performed on the analysis; and,

The losses for each individual WTG and for the entire wind farm for the Internal, External and

Future categories.

It is acceptable to report different values of future turbine interaction losses for different scenarios of
built-out of neighbouring projects. Each scenario would have to be modelled separately.

Reporting requirements specific to wake models, blockage models and integrated turbine interaction
loss models are covered in Sections , and respectively.

The pattern of production (i.e. power from each turbine) should be reported for a set of representative
wind speeds and directions.
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Uncertainty Evaluation

To evaluate the uncertainty of the integrated or separated wake and/or blockage modelling, the following
points shall be noted.

In general, wind farms which have been used to tune empirical parameters in wake, blockage or
integrated models cannot then be used for validation studies. Validation should be a separate
step from tuning.

Validation studies should consider the same combination of wake and blockage model as is being
applied.

Uncer

fainty evaluation process:

urad data
o

Thawav in which \walca laconc ara apantifind 1n tha manc
rHe—way W wvake ot St Tt Tt

losses—are—guantif e—measdre -g—with—reference to the

a L[

bl \
freestream wind speed or to the front-row powers) must be consistent with the wayxthe wake
model is used.

o
<

The validation studies cited must be relevant to the application; for example, when using a wake,
blockage or integrated model for long-range interactions between wind farms as part of an
External or Future Loss calculation, the validation studies must address-wake, blogkage or
turbine interaction losses over comparable distances

Measuring blockage effects is difficult. The effect is fairly subtle;yand there are cpmpeting
uncertainties in establishing the true freestream conditions: measurements too close to|the wind
farm will be subject to the blockage effect; measurements too,far away will be decorrelated from
the conditions at the wind farm. The uncertainty in the measurements should be considefed when
assessing the results of any validation study.

Most wake model validations are based on measured production data using the leadinlg row as
reference. As explained earlier these validations wilDinevitably capture some blockag¢ effects.
However, blockage effects are small compared towake effects. Therefore, unless dem¢nstrated
otherwise, the uncertainty of both the wake amnd’/blockage models should be derived|from the
spread of these validation results as per the ‘uncertainty evaluation process describgd in this
section below.

Alternatively, separating the uncertainty assessment into non-waked and potentially-waked components
may be more consistent with the validation data available. Please refer to the recommenglations in
Appendix A.
If an ensemble of models is used) validation studies should be performed on the ensemble results
rather than just on the individual models within the ensemble, so that a suitable urjcertainty
estimate can be established.for the ensemble.

For CFD-based models, the validation studies must state the minimum and typical element sizes, the
domain extent, type of boundary conditions, and any other critical parameters, to ensure thaf a similar
mesh is used for the present analysis. Ideally this should be reported in the form of a best practice
guideline for the'model.

To ev
and b

hluate_the uncertainty of the turbine interaction loss, wind farm-atmosphere interaction| or wake
ockage losses, the following must be considered:

Magnitude of loss predicted. since the uncertainty will be provided as a percentage of that loss. J.e. a 20%

loss uncertainty with respect to a 10% wake loss would yield a 2% wake loss uncertainty with respect to
AEP.

Validation process whereby the uncertainty of a given applied wake model, is calculated based on the
number of validation cases it went through on a subset of possible scenarios/conditions (i.e. turbine array
configuration, turbine dimensions, terrain complexity, atmospheric conditions), and an application process
that adjusts and extends the uncertainty in case a different set of scenarios/conditions are studied.

The uncertainty evaluation process has two steps as per the Uncertainty Model:

1. Validation of the model: This step will determine the associated wake model uncertainty.

2. Application of the model: This step will determine whether differences between application and
validation cases require to increase the wake model uncertainty.
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Unless it can be demonstrated otherwise, individual validations shall be grouped into projects with 3
rows or less, and 4 rows or more.

Validation of the model:

Depending on the number of validation cases, the associated model uncertainty will differ as depicted
in the below Table. With more than 5 cases, the uncertainty shall be derived from the spread of validation
results.

Application of the wake model:

Application case
Neutral Offshore Stable/Unstable ComF)Iex Mounhtain
on shore onshore terrain Pass
Neutral Onshore 0 10% 15% 20% 35%
Offshore 10% 0 10% 15% 35%
Validation Stable/Unstable 10% 10% 0 10% 35%
case Onshore
Complex terrain 10% 20% 20% 0 25%
Mountain pass 10% 10% 10% 10% 0

schenje which is motivated by empirically observed wake model performance variations with terrain

comp
stabili

Coast

Exam

ty). The classification scheme has the following five categories:

al onshorée cases may also be considered as a separate category..

bles for wake model uncertainty calculation:

Both{we application case and the validation cases should ‘be classified by the following clasfsification
I

xity, wind flow regime and atmospheric conditions (e.g. due to significant diurnal vafiation in

Offshore: A wind farm project with turbine foundations permanently under sea level|or in the
inter-tidal zone or in large water bodies'is classified as an Offshore project.

Stable/Unstable Onshore sites are defined as sites that show both more than 30% pf strong
stability (alpha>0.3) and more than 30% of unstable stratification (alpha<0.1). Sites that|don’t fall
in this category are classified)as Neutral Onshore. It is recommended to calculate |the wind
shear (or power law) exponent alpha from wind speed measurements that span at leastfone year
at minimum two heights.separated by more than 20 meters, where the top height minimpm is 2/3
of hub height.

Complex terrain:.A wind farm project that is assessed as complex and assigned the complexity
category H as._described in IEC 61400-1 Ed 4 Section 11.2.

Mountain_pass: A wind farm situated within or next to a mountain pass.

Example 1: The wake model was validated for 4 Neutral Onshore wind farms with 3 rowp or less,

theassociateduncertaimty of the wake modet s 20% -1 he wake modet 15 apptied fora wind farm
with 3 rows or less that is classified as Neutral Onshore. Since the wake model is validated and
applied for Neutral Onshore wind farms there is no additional uncertainty as per the above table.
Thus the resulting wake model uncertainty is 20% of the wake loss.

Example 2: Wake model validation as per Example 1 (20% associated wake model uncertainty).
The wake is applied for a Complex terrain wind farm, an additional uncertainty of 20% needs to
be added as per the above table. The resulting wake model uncertainty is 20%+20%=40% of the
wake loss.

Example 3: Wake model validation as per Example 1. The wake model is applied for a big wind
farm with 4 rows or more. Since there are no wake model validation cases for a projects with 4
rows or more, the associated wake model uncertainty is 60% which is also the maximum wake
model uncertainty.


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

2106
2107
2108
2109
2110
2111

2112

2113
2114
2115
2116
2117
2118
2119
2120
2121
2122
2123
2124
2125
2126
2127
2128
2129
2130
2131
2132
2133

2134

2135

2136
2137

2138
2139
2140

2141

2142

2143

2144
2145
2146
2147

2148
2149
2150

2151

2152
2153
2154
2155
2156
2157

IEC N

P 61400-15-2 © IEC 2024 68 88/

1038/NP

Example 4: The wake model was validated for 6 Neutral Onshore wind farms with 3 rows or less,

the wake model uncertainty is derived from the spread of validation results. If the wake
applied for a Neutral Onshore wind farm with 3 rows or less no additional uncertainty

be added as per the above table. If the wake model is applied for e.g. a Stable/Unstable
project 15% of uncertainty needs to be added to the uncertainty derived from the v
results.

9.2.0.1 Availability

Availability losses result from the inability to deliver power in conditions defined in the WTGS
specifications excluding losses accounted for elsewhere. The primary drivers behind availability losses

are s

heduled maintenance and unscheduled maintenance (driven by component failure r

model is
needs to
Onshore
alidation

tes and

opera

Inap
61400
asses
not be
[ )
[ )

WTGS
follow
and re

or response time).

reconstruction assessment, a production-based availability shall be used, as defined ir
-26-2. A number of downtime categories are, however, treated separately inna precor

the IEC
struction

sment so the definition needs to be modified for this purpose. Explicitly, the following itenps should

included in the availability downtime calculation:
Partial Performance (IAOGPP) — should be treated as turbine performance or curtailms

nt

Out of Environmental Specification (IAONGEN) — should be treated-as*environmental Ipss

Requested Shutdown (IAONGRS) — should be treated as curtailment or environmental

(s), Balance of plant and Grid will not be available the total.time of an operating yea3

r. In the

ng all the items to be considered to properly take into account availability-related ener@y losses

levant uncertainties.

Availibility losses occur when WPS and/or WTGS(s) are notipeérforming its intended services Within the

desig
Note:
Grid ¢
losseq

9.2.0.

Turbin
or turl

Turbin

B.5. In the context of the 61400-26-2, the portion of the overall availability which is associateq

WTGS
o
o
o

specification.
appropriate warranty provision under WTGS(s) and Balance of plant O&M contracts o
onnection agreements signed with TSO can mitigate the financial risk associated with a
but will not generally affect production.

1.1 Turbine Availability

her than
ailability

e Availability is intended to account for the portion of potential production lost due to the¢ turbine,

ines, not being able to producepower.

e availability considered here is the technical turbine availability defined in 61400-26-2,

excludes the following“items:

Partial Performance (IAOGPP) — should be treated as turbine performance or curtailms

equation
with the

nt

Out of Environmental Specification (IAONGEN) — should be treated as environmental Ipss

Requested Shutdown (IAONGRS) — should be treated as curtailment or environmental:

Out of-Electrical Specification (IAONGEL) — should be treated as grid or BoP availability,

depending on the cause.
Forced Outage (IAONOFO) - if associated with balance of plant, shall be treated

A H P R Y
AVdAllaulity.

as BoP

The Turbine Availability over the operational period shall consider the impact of lower availability during start-up
and late-life.
The uncertainty range typically considered is between 2.0% and 5.0%.

To evaluate the uncertainty of WTGS availability the following must be considered:
Strength of the warranty provided by O&M contract for the WTGS signed or to be signed with the O&M

service provider. This is related also to the:
o services included in the scheduled and preventative maintenance provided
o carve-outs included by the O&M service provider in the availability calculation
formula/procedure
o financial guarantees and penalties, as they are expected to influence actual production
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where a warranty is considered “strong” as per the uncertainty model if an availability warranty with
carve-outs with an insignificant effect on availability (where insignificant means less than 0.25% of AEP
loss) has been signed and “poor” if there is no availability warranty.
Track record of O&M service provider as measured by number of turbines under O&M contract in
similar conditions and technology, considering:

o the WTGS technology

o the available documentation provided by the O&M service provider with respect to the

availability figures obtained over the years on the serviced WPS(s) / WTGS(s)

Reliability and track record of the technology used in the WTGS(s) as measured by the number of
turbines of the WTGS model with similar technology installed

9.2.0.

The B
servic

The f4
consig

In the

The B

The u

To ev

1.2 Balance of plant availability

ncertainty range typically considered is between 0.5% and 2%.

hluate the uncertainty of BeR availability the following must be considered:

Maoturitv, of marleat and infracteriiotiira oo mmaaciirad by tha inctallad canacityy \whara o tatal inct |ed
Tvrotot ey ot rHarcerareT Tt o CtoT Co o T HOT o UT 0o y tHe oo e - Capatrty W erCa oot

capacity of less than 500 MW is an “emerging” market, less than 4 GW is an “developing” market and
more than 4 GW are a “developed” market as per the uncertainty model.

OP availability is the fraction of a given operating period in which a BOP is performing its|intended
es within the design specification.

ctor covers the BOP availability related to potential energy production-qver the operationgl period,
ering:

BoP design, including circuit length, circuit technology, joints/weak’points, transformers, switch gear,
reactors, filters, etc. and degree of redundancy

warranted availability as it is seen to impact power produced
O&M strategy

context of 61400-26, BOP availabilty is defined as;

Out of Electrical Specification (IAONGEL) =yshould be treated as grid or BoP awvjailability,
depending on the cause.
Forced Outage (IAONOFO) - if associated with balance of plant, shall be treated as BoP
Availability.

pP Availability over the operational period shall consider the impact of lower availability during start-up
and lafe-life.

Completeness of BOP design and relevant components and subsystems, where an indicative $tudy is
considered “preliminary” and a final study approved by an engineer of record is called “final” ag per the
uncertainty model:
Strength of the"warranty provided by O&M contract for the BOP with the O&M service provider} This is
related also te the:

o Status of the O&M contract,

o.(services included in the scheduled and preventative maintenance provided

& carve-outs included by the O&M service provider in the availability calculation

formula/procedure
o obligation and limitation of responsibilities of the O&M service provider

o financial guarantees and penalties, as they are expected to influence actual production
where a warranty is considered “strong” as per the uncertainty model if a BOP warranty with carve-outs
with an insignificant effect on BOP availability (where insignificant means less than 0.25% of AEP loss)
has been signed and “poor” if there is no BOP warranty
Track record of O&M service provider as measured by the number of similar assets considering:

o the country/region/area

o the available documentation provided by the O&M service provider with respect to the

availability figures obtained over the years on the serviced WPS(s)

o Asset technology
Maturity of market and infrastructure, where a total installed capacity of less than 500 MW is considered
an “emerging” market, less than 4 GW an “developing” market and more than 4 GW a “developed”
market as per the uncertainty model.
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9.2.0.1.3 Grid Availability

The Grid availability is the fraction of a given operating period in which a grid is performing its intended
services within the design specification.

To be underlined that this factor is related to the grid being outside the operational parameters defined
in the Grid connection agreement signed with TSO as well as actual grid downtime.The factor covers
the Grid availability related to potential energy production over the operational period, considering:

e Grid outage track record
e restart after grid outage. This represents the stand-by period while the WTGS components are brought
within their operating specifications.

The upcertainty range typically considered is between 0.2% and 1.0%.
To evaluate the uncertainty of Grid availability the following must be considered:

a)| Completeness of a site specific grid reliability study. A regional grid study would be considered
“preliminary” in the uncertainty model, while the site specific grid reliability study would be congidered
“final”.

9.2.0.p Electrical Efficiency

9.2.0.2.1 Electrical Efficiency

Electr|cal losses represent the difference between the energy production predicted at the wind turbine
and the metering point.

To properly calculate the electrical efficiency, it is important toknow where the power curve i$ defined
(e.g. dn the low or medium voltage side of the turbine transformer) and where the energy will be [metered,
noting that the meters are not always physically located-at the metering point (in which|case an
adjustment will be necessary).

The upcertainty range typically considered is between 0.25% and 1.0%.

To evaluate the uncertainty of electrical efficiency.the following must be considered:
o | Completeness of collection system design;Where an indicative study is considered “preliminary” and a

final study approved by an engineer of record is called “final” as per the uncertainty model.

9.2.0.2.2 Facility parasitic consumption

Energy consumed by plant and tunbine parasitic electrical losses, while operating or not opergting, and
through the operation of turbiné_extreme weather packages, where there could be an impact at the
energy measurement point.

The upcertainty is typically less than 0.25%.
To evaluate the uncertainty of facility parasitic consumption the following must be considered:
o | Completeness of available information on extreme weather packages and other site electrical lpads.

9.2.0.8 Turbine performance
Turbine‘performance loss is the deviation of the actual power output from the modelled output|resulting

from a—rariety-ofoperational-characteristies—Hhis—eanineludetosses—dueto-the-turbirenrotpreducing to
its reference power curve within test specifications, losses due to differences between turbine power
curve test conditions and actual conditions at the site (e.g. turbulence, inclined flow, off-yaw axis winds,
wind shear, wind veer), operational issues (e.g. yaw misalignment, WT instrumentation errors, blade
pitch inaccuracies) and high wind hysteresis losses.

9.2.0.3.1 Sub-optimal wind farm performance

This loss accounts for performance deviations from the optimal wind plant performance due to software,
instrumentation, and control setting issues (e.g., yaw misalignment, WT instrumentation errors, blade
pitch inaccuracies) which cause the machines to not reach their intended power curve or operate in a
non-optimal way.
The uncertainty range typically considered is between 0.5% and 1.25%.
To evaluate the uncertainty of sub-optimal wind farm performance the following must be considered:

e Track record of the O&M provider and quality of the ongoing O&M strategy,


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

2265
2266
2267
2268
2269
2270
2271

2272

2273
2274

2275

2276

2277
2278

2279
2280

2281

2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295

2296

2297
2298
2299
2300
2301
2302
2303
2304
2305
2306
2307
2308
2309

2310

2311

2312
2313
2314

IEC N

P 61400-15-2 © IEC 2024 71 88/1038/NP

Quality of commissioning. By way of example considering the completeness of the
commissioning documentation and any third-party assessment made on the commissioning
activities. An inexperienced commissioner with less than 10 commissioned turbines would be
considered “low” quality in the uncertainty model, “high” quality commissioning can be identified
by the provision of a commissioning checklist with all the required checks and tests and the plan
for or completion of an independent verification of the commissioning.

9.2.0.3.2 Generic Power Curve Adjustment

This |
which

The u

To ev

In the
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9.2.0.

red-and-the—power curve
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would be measured under standard test conditions.
hcertainty range typically considered is between 1% and 3%.

hluate the uncertainty of generic power curve adjustment the following must\be considerg¢d:

Number of measured power curve test (conducted according to 61400-12)\(either raw PPT data or PPT
results)

scenario when 0-1 test are available, the uncertainty shall be 3%;-with 2-5 tests, the urjcertainty
e 2%; with more than 5 tests, the uncertainty shall be derived-from the spread of test repults.

8.3 Site Specific Power Curve Adjustment

This I@ss represents the deviation in turbine performance where atmospheric conditions (eg tufbulence,

wind 9
that wi

The u

To ev
[ ]
[ ]

9.2.0.

This gnergy loss represents the energy lost between high wind speed cut-out and recut-in.

The u
To ev
[ ]

hear, veer or up-flow angle) are considered to bexmaterially different at the wind farm [site than
hich is experienced under standard test conditions:

ncertainty range typically considered is between 0.3% and 2.0%.
hluate the uncertainty of site-specific power curve adjustment the following must be congidered:
Amount of time operating in outer range;
Accuracy of model to predict performance in outer range,
track record in similar site/climatic conditions.

o Air density, turbulence, shear, veer, inflow angle.
Representativeness of power, curve/controls (e.g. if your power curve is for the appropriate air flensity):
A standard power curve doCument would be considered “standard info” in the uncertainty model, the
provision of a site-specific;power curve for site air density, turbulence and shear would be congidered
“good info”.

8.4 High wind\hysteresis

ncertainty.range typically considered is between 0.1% and 0.4%.

hluate the/uncertainty of high wind hysteresis the following must be considered:
Details of the control strategy: cut-out and re-cut in wind speeds at 10min would be considered
“standard info” in the uncertainty model, higher resolution information of the control strategy, elg. cut-out

aRare-eutHn-wing-speeds-at-40min-Smin-and-3seetevelor-simiarwetid-be-econsidered—geed-info”.
availability of appropriate input data for modeling the control strategy over the life of the project: WRA
wind data with an averaging interval of 10 minutes including standard deviation of wind speed and
gust/max wind speed would be considered “standard” quality of input data in the uncertainty model. If
beyond that everything needed for hysteresis calculation is provided, e.g. gust wind speed with a
temporal resolution as required by the hysteresis model the quality of the input data can be set to
“good” in the uncertainty model.

9.2.0.4 Environmental losses

9.2.0.4.1 Icing
The estimation of icing losses should be performed specifically for the site. Different methods can be

applie

d for its determination, depending on the site and project specifications.
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Icing losses represent any performance degradation due to ice build-up including shut down losses. The
ice build-up and in turn the degradation depends on e.g. the kind of icing, the blade design, the
degradation state of the blade, the turbine operation set point and the effectiveness of anti-ice and de-
icing features and controls. Wind turbines are sometimes actively shut down due to icing build-up either
to mitigate health and safety concerns in an attempt to prevent ice throw or to protect turbine components
from excessive loading. Both are typically done by running specific controller strategies that are based
on ice build-up detection (e.g. increase in blade mass, turbine or blade vibration changes or other ice
detection equipment).

A site ice assessment is needed and thus icing uncertainties need to be quantified only for sites with
high icing risks (p g-all of Scandinavia or Canada) or if any of the fnllnwing is true-

1. Hub height temperature is below 0°C concurrently with relative humidity of 296 %. for|= 1 % of
long-term annual average duration [% of time] or

2.| Cloud base height at rotor icing height {HH + 1/3D, see (IEA Wind Task 19, 20[7)} with
simultaneous temperature < 0°C result to = 0.5 % of long-term annual average duratlon [% of
time] or

3.| Validated regional or global icing map3 indicates to 2 0.5 %.of long-term annual| average
meteorological icing duration or 1 % of instrumental icing duration’[% of time]

4. Site assessment results to long-term icing losses 20.5 %~of-AEP {larger than IEA Ice|Class 1,
see (IEA Wind Task 19, 2017)}

The upcertainty range typically considered is between 0.1%(and 6.0%.

To evaluate the uncertainty of the icing loss, the following icing loss drivers must be considered:
A.[ Quality and accuracy of method (e.g. measurements, weather modelling) chosen to estimate sjte icing
conditions
o “High” uncertainty is 150% of absolgate icing loss value: meteorological icing duration at rotor
icing height [% of time] calculated\as percentage of time per year the temperature at hub height
is below 0°C concurrently relative humidity is above 96 %. The temperature and relatie
humidity time series sourcé.i§’ either site measurements, a weather model or reanalysis dataset.
Relative humidity measurements may ideally be selected from a nearby met station at|a similar
altitude close to ground-level.
o “Moderate” uncertainty is 50 % of absolute icing loss value: Calculate long-term average
meteorological or instrumental icing duration at rotor icing height [% of time] (IEA Wind Task 19,
2017), (IEA Wind Task 19, 2016) using
i. CBH\(Cloud base height [m agl]) + T (Temperature [°C]) data from nearby mef{ station
or)similar or
i. validated weather model analysis (e.g. WRF) using icing theory from 1SO 12494 (Davis,
et al., 2014), (Hamalainen & Niemela, 2017) or

ifi using a validated regional or country specific icing map.

os~“Low” uncertainty is 20 % of absolute icing loss value following best practice from IEA Wind
Task 19: one full winter measured meteorological or instrumental icing duration [% of tjme] at
hub height or higher on-site. For meteorological icing

1 a2 dedicated-icina-sensormav-hbe usedor
i a-aealicatecHciRg-SsehRsoHHRayY-be-Usea-of

ii. at temperatures below 0°C, a visibility sensor or webcam-based image analysis can be
used to quantify the duration of low visibility where meteorological icing starts at values
below 300 meter horizontal visibility (llinca, 2011) or

iii. Webcam images can be also used to monitor stationary structures for calculating the
duration [% of time] when ice mass build-up occurs.

o Forinstrumental icing, a pair of fully heated sonic anemometer and unheated cup anemometer
is recommended. The instrumental ice detection criteria needs to be reported. In absence of
more advanced ice detection methods, a simple constant of 10-20 % may be used for wind
speed degradation from the unheated cup anemometer compared to the heated reference

3 For example, consider the global icing atlas or « WiceAtlas»: http://virtual.vtt.fi/virtual/wiceatla/
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2372 anemometer. Vertical extrapolation of icing duration to hub height is needed if measurements
2373 are 10 % below intended hub height. (IEA Wind Task 19, 2017)

2374 B. Method and length of data used to estimate long-term (a minimum of 10-years), expected site icing
2375 conditions

2376 o “High” uncertainty is £3% of AEP if icing loss < 3.0 %. If icing loss = £3.0 %, then 150 % of

2377 absolute icing loss value: short-term icing measurements or assessment less or equal to one
2378 year and no long-term adjustment.

2379 o “Moderate” uncertainty is +2 % of AEP if icing loss < 3 %. If icing loss = £3 %, then 50 % of
2380 absolute icing loss value: No long-term adjustment but minimum 2 years using

2381 i. on-site icing measurements or

2382 ii validated weather madel analysis (p g WRF) + 1SO 12494 (Daviq et al 2014)

2383 (Hamalainen & Niemela, 2017), meteorological or instrumental icing duration,[f6 of
2384 time] (IEA Wind Task 19, 2017) or

2385 iii. using a validated regional or country specific icing map for assessing long-term average
2386 meteorological or instrumental icing frequency at hub height or higher [% of time] (IEA
2387 Wind Task 19, 2017), (IEA Wind Task 19, 2016).

2388 o “Low” uncertainty is 20 % of absolute icing loss value using

2389 i. Minimum five years of on-site icing measurements or

2390 ii. a long-term adjustment using correlation analysis. Correlation between assesged short-
2391 term (e.g. 1 year) meteorological or instrumental icing duration and long-term feference
2392 values is to be assessed (month-to-month correlation minimum resolution).

2393 o Reference long-term meteorological or instrumental icing-durations can be from

2394 i. weather model analysis (e.g. WRF) + ISO 12494 (Davis, et al., 2014) (Hamalginen &
2395 Niemeld, 2017), meteorological or instrumental-icing duration [% of time] or

2396 ii. CBH (Cloud base height [m agl]) + T (Temperature [°C]) data from nearby mef{ station
2397 or similar -> meteorological or instrumental icing duration at hub height or higher [% of
2398 time] (IEA Wind Task 19, 2017), (Bernstein, et al., 2009).

2399 o Uncertainty is similar to wind speed IAV calculation method: IAV/sqrt(LT data length) where IAV
2400 is the inter-annual variability of the annual icing losses.

2401 C.| Knowledge of the turbine technology and sitekeontrol strategy for iced turbines (e.g. systems td mitigate
2402 ice, shut down due iced blades as quickly as;possible or normal operation until safety limits arg

2403 reached)

2404 o “High” uncertainty is 50 % of absolute icing loss value

2405 i. no ice protection system (IPS) and not considered or no knowledge or

2406 ii. turbine equipped with IPS having a low track record (less than 50 turbine years) in

2407 similar site.

2408 o “Moderate” uncertainty is 30 % of absolute icing loss value

2409 i. no IPS @nd preliminary specifications showing that turbine controller has been|designed
2410 according to IEC61400-1 Ed4 Icing Design Load Cases or similar or

2411 ii.  turbine equipped with IPS having some track record (more than 50 turbine yegrs) in
2412 similar site.

2413 o “Low”'uncertainty is 10 % of absolute icing loss value

2414 i no IPS and full knowledge about iced turbine control strategy including supportive

2415 SCADA measurements for similar site or

2416 ii. turbine equipped with IPS having good track record (more than 100 turbine yeprs) in
2417 similar site.

2418

2419 Examples{foricinglossuncertainty calculation:

2420

2421 o Example 1: The global icing atlas or “WiceAtlas”, that has been validated with turbine SCADA from

2422 multiple sites in multiple countries, is used to estimate initial site-specific icing conditions for a wind farm
2423 resulting to an IEA Ice Class 2 being medium uncertainty for icing loss driver A at 50 % of the absolute
2424 icing loss value. Icing loss driver B is moderate at 50 % of the icing loss value as the WiceAtlas is long-
2425 term adjusted with more that 10-years of data. Icing loss driver C is moderate at 30 % of the absolute
2426 icing loss value as the site turbine has been designed according to cold climate design load cases using
2427 IEC 61400-1 ed4 standard. Thus, the final uncertainty is sqrt (0.52 + 0.5%2 + 0.3%2) = 77 % of the

2428 absolute icing loss value. The upper range value of the IEA Ice Class 2 icing loss estimate of 5.0 % can
2429 be used to estimate the absolute icing loss value. Thus the icing losses in this case are 5.0 £ 3.9 %.
2430 o Example 2: 1-year onsite met mast measurements of instrumental or meteorological icing duration

2431 following the IEA Wind Task 19 best practices results to a low uncertainty for icing loss driver A at 20 %
2432 of the absolute icing loss value. Short 1-year measurements are long-term corrected with a MCP

2433 method using a weather model following ISO 12494 method for icing loss driver B being 20 % of the
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absolute icing loss value. Icing loss driver C is low at 10 % of the absolute icing loss value as the icing
control strategy of the turbine has been extensively verified with SCADA data in similar climates. Thus,
the final uncertainty is sqrt (0.3%2 + 0.3%2 + 0.142) = 44 % of the absolute icing loss value.

9.2.0.4.2 Degradation

This loss represents blade fouling, efficiency losses and other performance degradation. Short term or
cyclical blade fouling losses are due to insects, salt, and dirt sticking to the blades and cyclically and
actively washed away by rain (or through blade cleaning). Long-term blade degradation is due to leading
edge eresionfrom-sand—debris—insestsand-hatirairhittng(therotating)-blades—and-temperature and

icing gycles (freeze/thaw losses).

Performance degradation due to icing is considered in Section 4.1.2.5.1.

The upcertainty range typically considered is between 0.1% and 0.5%.
To evaluate the uncertainty of the degradation loss, the following must be considered:

D.| Track record of critic.al components, primarily blades, in similar environments.

9.2.0.4.3 Environmental

Envirgnmental shut down losses represent the losses due to turbine shut down caused by envirpnmental
conditliqons being outside the standard operating envelope of/the equipment, including temperature,
lightning, hail, and other environmental effects.

High femperature derating: In addition, turbines may“\be derated at temperatures below |the high
tempdrature shut down due to a cooling capacity reduction as detected by the turbine controller. Main
driverlis cable temperature which is influenced by ambient temperature, power (wind speed), aif density,
cos phi, grid voltage and the maintenance of the aijr’inlet (including filters).

Low témperature derating: Turbines may be ‘derated at cold temperatures to prevent damagg by e.g.
reduced oil viscosity or changes in material properties and to mitigate damage equivalent or extreme
loads.
The upcertainty range typically considered is between 0.2% and 0.6%.

To evaluate the uncertainty of-the environmental loss, the following must be considered:

cold/hjot temperature-derating for different grid voltages, cos phi and altitudes would be cdnsidered
“meditm understanding”(should we name this standard info?); if beyond that guarantees are puf in place
to compensate forderating losses by e.g. paying liquidated damages in case the guarantee i$ not met
the dgtails of thelcontrol strategy can be set to “high understanding”.

. Petails of the control strategy: where the provision of documentation on operation I(i{nits and

. pvailability of appropriate input data for implementing control strategy: the availability ¢f on-site
tempdratufe data would be considered “medium” quality of input data, if beyond that informatign on cos
phi and grid voltage is available the quality of input data can be set to "high”

. Track record of control strategy, where less than 20 turbine-years are considered “none” as per
the uncertainty model, more than 20 turbine-years are considered an “average” track record and more
than 50 turbine-years are considered a “strong” track record. Turbine-years is defined as number of
operational years multiplied by the number of turbines.

9.2.0.4.4 Exposure changes

Tree growth or logging, residential or other building development, etc.

To evaluate the uncertainty of the exposure changes, the following must be considered:
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. Accuracy of wind flow model with respect to exposure changes

. Quality of input data: the provision of an environmental study would be considered “medium”
quality of input data as per the uncertainty model, if beyond that a detailed felling plan (if applicable)
and settlement development plan (if applicable) for the project lifetime is provided the quality of input
data can be set to “high”

9.2.0.5 Curtailments

Special operating modes have to be calculated according to the specific requirements of the wind farm
projedt(€.g. WTG power output reduction due to toads and grid curtaiiment, noise emission] shadow
flicken, bat protection and ice throw risk mitigation).

9.2.0.5.1 Loads Curtailment
Wind furbines may need to be curtailed for certain wind directions to mitigate excessive loads.

The upcertainty range typically considered is between 0.2% and 0.4%.

To evaluate the uncertainty of the loads curtailment loss the following mush be considered:
e | accuracy of required input data to calculate curtailment: where less than one year of wind data|would be
considered “poor”, the long-term wind rose determined from site met'mast would be considereg
“standard” and at least 1 year of 10 minute measurements of wind speed, direction and Tl at >p/3 HH
used for curtailment calculation where wind speed and direction are long term corrected would|be
considered “good” as per the uncertainty model.
e | completeness of information (control algorithm, etc.): where “standard info” as per the uncertaipty model
would be a curtailment strategy as well as cut-out and,re-cut in for wind speed and wind directipn at
10min resolution and “good info” would be higher<esolution information of the control strategy provided,
e.g. cut-out and re-cut in wind speed and direction at 10min, 5min and 3sec level or similar

9.2.0.5.2 Grid curtailment
This curtailment covers energy lost due to RPA/off-taker curtailments, or grid limitations.

The upcertainty range typically considered is between 0.1% and 0.5%.
To evaluate the uncertainty of the grid curtailment loss the following must be considered:

. Quality of grid study (strength of grid,.) and data completeness where a preliminary drid study
e.g. aregional grid study would be considered “standard” quality and the final site spe¢cific grid
reliability study-would be considered “good” quality as per the uncertainty model. (grid
connection agreement.)

9.2.0.5.3 Environmental/Permit Curtailment

This gqurtailment covers energy lost due to mitigation strategies with relation to wildlife protection (e.g.
birds, pats;"marine mammals), flicker and noise exposure and ice throw risk (when those are not|captured
in the |pewer curve), etc.

The uncertainty range typically considered is between 0.3% and 0.5%.

To evaluate the uncertainty of the environmental/permit curtailment loss, the following must be
considered:
e quality of input data: as per the uncertainty model would be
o ‘“poor” for
= Noise: if turbine noise model is derived from noise modeling & some info is available,
= Shadow Flicker: if Terrain and obstacles are not considered and generalized
assumptions on solar radiation are used,
=  Wildlife: follow same thought process as for Noise and Shadow Flicker
o ‘“standard” for
= Noise: if the turbine noise model is derived from noise modeling and all info (octave
band etc.) is available,
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= Shadow Flicker: if calculated from a (frequency distribution derived from a) Time series

of wind direction, solar radiation at hourly resolution and terrain and obstacles
considered,
= Wildlife: follow same thought process as for Noise and Shadow Flicker
o “good” for

are

= Noise: if beyond standard the turbine noise model is derived & validated from noise

measurements and all info is available
= Shadow Flicker: If calculated from a time series with the following parameters:

wind

speed, wind direction, solar radiation at 10min resolution, the time series is made

available and the calculation includes terrain and obstacles

9.2.0.

This

periog
captu
The u

To ev
consig

= Wildlife- follow same thought process as for Naise and Shadow Flicker
completeness of information (control algorithm, etc.) where the availability of a detailed controel
for e.g. noise, shadow and wildlife (information on which parameters trigger control strategy)'w
considered “standard” information as per the uncertainty model, if beyond this a validationon t
effectiveness of the control strategy is available the completeness of information canmbe' set to

6.4 Owner directed operational strategies

curtailment covers energy lost or gained by any operational strategy that systema

strategy
ould be
he
‘good”

ically or

ically modifies power output including owner-directed up-ratingy down-rating or shut-gown not

ed in the power curve or availability carve-outs.
hcertainty range typically considered is between 0.3% and.0.5%.

pluate the uncertainty of the owner directed operational strategies loss, the following
ered:

Track record and availability of performancewalidations, where less than 100 turbine ye4

be considered “none”, less than 500 turbine yedrs would be considered an “average” and more

turbin

opera
uncer

9.3

b years a “good” track record as per thé.uncertainty model

must be

rs would
than 500

Completeness of information (confrol algorithm, etc.): If all information necessary to evdluate the

ional strategy is available the completeness of information can be set to “strong” as
ainty model.

Reporting Requirements

per the
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10 Historical Wind Resource Uncertainty

10.0

Historical Wind Resource

This section addresses uncertainty associated with estimating long-term mean annual wind speed.

10.0.0 Long-term Period

This i
wind 9

where
is the
fita G

peed of a reference period on. This uncertainty is represented as, s;;

_1av

S‘ - —_—
LT NiT

IAV is interannual variability (aka coefficient of variation) of annual mean‘wind speeds,
ong-term mean wind speed of a given reference data set. This assumes annual mean win
aussian distribution around the long-term mean wind speed. Reanalysis datasets under

adjus
conte
shoulg
assoc

In the

10.0.1

This i
refere

detectfed inconsistency must be removedibefore use of the reference dataset, such that the 1

periog

Statis
relate
refere

the vatJ‘riabiIity of the annual mean wind speed from year-to-year and sg should not be considere

ment using local measurements. The long-term period may(be contaminated by chang
t over time for a variety of reasons, which may cause spurious trends. Potentially spurio

be investigated using comparable alternative data sources to avoid introducing error
ated calculations. Data with spurious trends shall not e utilized.

absence of sufficient data to calculate site-spegific’'s;;, 6% shall be used.

Reference Data Consistency

5 the uncertainty arising from the risk’of undetected non-climatic changes in the of |
hce data. It is essential that a reference dataset is consistent over the reference pe

spanning the data adopted in the*assessment is consistent.

ical methods for change point analysis are recommended with reference data consister
I to the methodology adopted. Factors to be considered for change point analysis of grou
hces include changesover time in:

Instrument type,_quality (resolution), and calibration
Mast installation (measurement height, orientation, etc.)
Changedn.exposure (tree growth/felling, buildings, etc.)
Measurement drift

Maintenance and traceability

5 the uncertainty inherent is estimating the true mean wind speed at a target site using Ihe mean

and N
d speeds
estimate
d without
ing data
s trends
into the

ong-term
iod. Any
eference

cy being
nd-based

Data coverage (data recovery)

Factors to be considered for change point analysis of re-analysis references include changes in:

10.0.1

Model type and resolution
variation in model inputs over time.
drift over time

.1 Calculation methods

While no accepted method of calculating a value of consistency uncertainty exists in the wind industry,
a data consistency test (also termed homogeneity test) test or point analysis should be used to determine
if heterogeneity exist in the data series under consideration. The Standard Normal Homogeneity Test
(Alexandersson, H. A data homogeneity test applied to precipitation data. J. Climatol. 1986, 6, 661—
675.) is one such test which can be used. In the absence of a quantitative analysis, a value of 2% shall
be used.
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10.0.2 Data Reconstruction

Data gaps, including those arising from the quality assessment and filtering, can introduce systematic
errors in the measurement, especially if the gaps are not randomly distributed, but occur with
accumulation in specific and not necessarily typical meteorological or climatologic situations (e.g.
wintertime). Hence, data gaps of the relevant sensors may be filled by reconstruction of the missing data
from measurement values of other sensors, in order to increase the data availability from the relevant
Sensors.

Relevant measurements mcIude wmd speed and wind dlrectlon Further meteorologlcal measurements
. values

with Igng-term extrapolation, which is described in Section 10.0.3. The MCP progc€dures are preferably
applie[d based on substantially similar datasets, e.g., data from two anemometers on the same mast with
minimpl deviation of the measurement heights, such that the scatter of the.analysed data, and hence
the urjcertainties of the MCP application, are as small as possible. Generally, the requirements for the
methgdology and the application are comparable to those for the Iong-term extrapolatior], so the
description of Section 10.0.3 can be applied accordingly.

The rgsult of the data filling process will consist of the filled time'series of measurement data. |To allow
a critital asseessment of the uncertainties introduced by the\data filling process, certain evpluations
shall he performed, and the documentation of the data fillingshall include the following:

e | Specification of the overall number or percentage’ of the filled data.
e | List of the main periods which re-filled (possibly per sensor),
e | Evaluation of distribution of filled data (e.g.-Seasonal accumulation)

e | Evaluation of the influence of the data.filling on mean values and distributions of the| relevant
quantities, i.e. showing before and after the gap filling process

o | Considerations of uncertainties resulting from the filling,
e | Conclusions regarding usability or uncertainty of the filled data (of specific sensors)
This Uncertainty considers to thestrength of the relationship between target site measured data and

reference data, as well as the.uncertainty associated with the adjustment, or statistical extgnsion, of
target|site-measured data to ‘a long-term period. The following factors need to be considered:

e | The temporal resglution used in the correlation of the target site and reference data

o | Accuracy of theprediction model applied on the target site, as tested with a “predictaljility test”
(i.e., boot strapping, analysis of variance, etc.)

¢ | Representativeness of the concurrent measurement period (i.e., the length of concurrent data,
seasaohality)

e | Amount of data that is reconstructed.

10.0.3_“Fong-term adjustment

Generally, the results of a wind measurement campaign at a wind farm site are valid only for the
measurement period. Usually this is a short-term period of one or only a few years. Due to the fact that
wind speed and wind direction distributions can show distinct inter-annual and seasonal variations, a
database of many years is required in order to perform a reliable determination of the typical mean wind
conditions, and hence for the determination of wind speed related site parameters or long-term annual
energy yields. This, a long-term adjustment is required in order to project the measured data to long-
term wind conditions which are considered to be representative for typical mean wind conditions.

This approach is based on the general assumption that a consistent long-term mean value of the wind
conditions exist and can be derived from historic data, and that this mean value represents the best
estimation for the future wind conditions. Thus, the derived results cannot take into account future
changes like systematic climate change and the uncertainty associated with future changes is discussed
in Section 10.1.
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The aim of a long-term adjustment procedure is to determine the relationship between concurrent site
and reference wind data and to apply the relationship for long-term extrapolation of the site data. The
set of relevant parameters depend on different aspects such as the meteorological and topographic
simulation and the time scale of the performed assessment. For typical wind energy related situations,
the long-term extrapolation of wind speed and wind direction is necessary. Further meteorological
parameters, like air temperature, should be taken into account for calculation of the long-term mean air
density.

The concurrent data are analysed with respect to the relevant parameters, and appropriate models to
describe the relationship are established. When defining the type of relationship, it must be taken into
accoupt; ; ; ; istriburti ind speed,
but also the shape of the wind speed distribution is relevant. It might be required to considér a non-
linear|relationship between the data. If the quality of the reference data allows, the analyséd'data should
have @ high temporal resolution (at least hourly time series).

The application of a long-term extrapolation procedure shall include an assessmeht of the significance
of the|correlation coefficient. The applied method to determine the relationshipmust be well-defined and
validated and an assessment of the procedure’s uncertainty by means of performed verificatipns shall
be done.

An important prerequisite for performing a reliable long-term extrapolation is that there is a pufficient
level ¢f correlation between the site data and the reference data,

This dincertainty considers the strength of the relationship< between target site measured fata and
reference data, as well as the uncertainty associated with“the adjustment, or statistical extgnsion, of
target|site-measured data to a long-term period. The follewing factors need to be considered:

e | The temporal resolution used in the correlatien of the target site and reference data

o | Accuracy of the prediction model appliedan the target site, as tested with a “predictaljility test”
(e.g., boot strapping).

¢ | Representativeness of the concurrent"measurement period (i.e., the length of concurrent data,
seasonality, similarity of concurrent'wind speed and direction frequency distribution)

e | Amount of data that is reconstructed.

10.0.3.1 Ensemble Approaches

The impact of ensemble approaches (whether they are “index” methods, or “multi-linear” rggression
methqgds, or other) shall be considered in a way that generally reduces the overall uncertainty.

10.1 [Project Lifetime Variability
10.1.0 Modelled Operational Period

Uncertainty-efithe operational period, s,, is the uncertainty associated with how closely the wind[resource
over the evaluation period may match the long-term site average.

where, IAV is the interannual variability of long-term mean wind speeds, and
N, is the number of years in the operational period.

10.1.1 Climate Change

Where an impact of climate change can be assessed, then this may be considered as an uncertainty.
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It is assumed that according to state-of-the-art methods, systematic trends or long-term oscillations of
the wind conditions cannot be determined and modelled in such a way, which would lead to the prediction

of the

future wind conditions with higher accuracy. If an uncertainty is required to be incorp

relation to climate change, then this is detailed in Section 10.1.1.

In the

absence of site-specific quantification, a value of 1.5% shall be used.

10.1.2 Plant Performance

orated in

This is to account for the variability in plant losses, such as availability and environmental losses (icing).
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12.0.0

L Approach

12.0.0.0 Outputs

Deliverable: uncertainty of validated series of each measurement at each relevant monitoring level, in
percent of the observed parameter, (e.g., in percent wind speed for anemometers)

12.0.0.1 Framework

Calculate uncertainty based upon contributions from:

o Measurement Station — uncertainties associated with each measurement station
orientation, site documentation, and system motion.

o Monitoring Level Uncertainties — uncertainties associated with measurements

location,

and data

processing at a single monitoring elevation, e.g., measurement volume terrain effects,

combinations of wind speed measurements, etc.
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o Sensor Measurement — uncertainties associated with individual sensors, including sensor

specifications, mounting characteristics, data processing, and sensor-specific s

12.0.0.2 Assumptions

ettings

Raw data is assumed to be provided as observations with a specific sampling frequency,

averaged to 10-minute statistics for wind speed and direction measurements;

ancillary

measurement parameters, e.g. air temperature, relative humidity, pressure, etc, may have less

frequent observations but should identical averaging periods.
Filtering of sensor data is carried out following manufacturers’ recommendations.

Boom vibrations assumed to be filtered and that any uncertainty caused by this phenomenon is

not addressed

o | Propagation of uncertainties is assumed to be by variance; Monte Carlo approaghes are
acceptable, but discussion and characterization of such are outside of this scope)

12.0.0.3 Limitations
Excludes:

¢ | Rotor-equivalent wind speed is not addressed.

¢ | Uncertainty for derived meteorological parameters, except air denhsity

e | Uncertainties associated with gaps in measurement records

¢ | Synthetic observations for periods when a sensor is missing data, referred to as gap fillirlg, period

of record extension, data reconstruction, and similar.

¢ | Scanning lidar

¢ | Nacelle lidar

e | Unmanned aerial vehicles

e | Soundings
12.0.1 Overall Process Description
udVS i Documentation and verification
uVvs,i Sensor measurement uncertainty
12.1 |Data Integrity and Documentation
12.2 |Sensor Measurement Uncertainty
12.2.0 Wind Speed Sensors
This Uncertainty component covers the uncertainty related to the use of cup anemometers gnd sonic
anem¢meters in meteorological masts (either top mounted or side mounted). The symbo]| for this
uncerfainty compenent is uy;. (V stands for wind speed and S stands for sensors).
This yncertainty component has six subcomponents and can be calculated according to the [following
formula:

— 2 2 2 2 2 2
Uys,i = JuVS,precal,i + uVS,postcal,i + uVS,class,i + uVS,mnt,i + uVS,lgt,i + udVS,L'

where
Uysprecai 1S the uncertainty related to the calibration of the sensor that could be before or after

the start of the measurement campaign;

Uyspostcari 1S the uncertainty related to the calibration of the sensor during or after the power

perfor

mance test;

Uys class,i is the uncertainty related to the classification of the sensors;
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Uysmnt i is the uncertainty related to the mounting of the sensors;

Uysgt,i is the uncertainty related to the flow distortion from objects that could cause flow
distortion (e.g. lightning finial, bat sensors, marker balls, lighting etc);

Ugys.i is the uncertainty related to the data acquisition of the wind speed signal

12.2.0.0 Uncertainty related to the calibration of the sensor

Categ ry B uncertainties: \Wind Qpnnd =Met mastsensors — Pre-calibration (an (IIZ(‘7 201 7) E.6.3.2
and Aphnex F)

This Yncertainty component covers the uncertainty related to calibration of the sensor. The cplibration
could [be pre- and/or post- the measurement campaign period. This includes the variability of [repeated
tests fpr one test facility as well as the variability of repeated tests between various facilities. It ig strongly
recommended that anemometry is calibrated at a MEASNET and ISO 2009 aceredited facility.

The symbol for this uncertainty componentis uy s cq; -

For rgsource assessments, the values as indicated on each anemameter calibration certificale for the
sensofs employed shall be used for the uncertainty calculation.

This yncertainty component covers the uncertainty related*to the in-situ calibration and/or the post-
calibration of the sensor during and/or after the test.

The symbol for this uncertainty component is uy s psstcari-

This yncertainty is also discussed in (IEC, 20#7) chapter 7.2.2 and Annex K.

If both an in-situ calibration has been done during the resource assessment measuremenf as well
as a post-calibration has been done after the resource assessment measurement, the magnitude for
this upcertainty component shall be taken from the post-calibration.

If a plost calibration is done;"\the magnitude of this uncertainty component shall be the maximum
differgnce between the pre-calibration and post-calibration in the wind speed range of 4 m/s to 12
m/s, Up to a maximum of ‘0.2 m/s.

Pleas¢ note that due_to the inherent uncertainty of the calibration the expectation will be that small
differgnces will occur between the pre-calibration and post-calibration. The best estimatg of the
calibrItion value{for a specific sensor will be the average of the calibrations done; in the|limit of a
very large number of calibrations the average will converge towards the centre of the distributjon.

As onlythe pre-calibration is used to determine the wind speed from the sensor, the maximum
difference can therefore be used as an added uncertainty contribution.

If only an in-situ calibration is done according to IEC 61400-50-1, the magnitude of this uncertainty
component shall be the maximum value of & in the wind speed range of 4 m/s to 12 m/s, up to a maximum
of 0.2 m/s.

12.2.0.1 Uncertainty related to the operational characteristics as determined by the
classification of the sensor

(E.6.3.4 Category B uncertainties: Wind speed — Met mast sensors — Classification)

This uncertainty component covers the uncertainty related to the operational characteristics of the
sensor as determined by the classification of the sensor.
The symbol for this uncertainty component is uy g g5
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This uncertainty is also discussed in IEC 61400-50-1 Chapter 6.

The magnitude of this uncertainty shall be taken from the classification report. Care shall be taken
that the terrain type and temperature range the sensor is used in matches the terrain type and
temperature range of the classification of the sensor (Class A, B, C, D or S).

A reference to the classification report shall be included in the final report of the whole measurement
period.

The formula (see IEC 61400-50-1 Chapter 6) for this uncertainty component is the following:

m AN -~
uvzj — \U,Ub?ﬂ- U.UUO * Uj} *K VS
Wherg,
k: Classification factor e.g. k=1,7 for class 1,7A
Uj: s the wind speed in m/s for influence parameter combination j.

12.2.0.2 Uncertainty related to the mounting of the sensor;

(E.6.3}5 Category B uncertainties: Wind speed — Met mast sensors — Mountihg)

This yncertainty component covers the uncertainty related to the mounting of the sensor. The symbol
for this uncertainty component is uy sune; -

This Yncertainty is also discussed in IEC 61400-50-1 Chapter 10, 11.3.5, and Annex B

This uncertainty component has three default values €orresponding to the three mounting arrarjgements
allowgd by IEC 61400-50-1 Chapter 10 (single topsxmounted anemometer, side-by-side top- |mounted
anemometers or side-mounted anemometer).

For a|single top-mounted anemometer, the default magnitude for this uncertainty componentis 0.5 %
of the|measured wind speed.

For a|side-by-side top-mounted anemometer, the default magnitude for this uncertainty component is
1.0 %

For a|side-mounted anemometer, the default magnitude for this uncertainty component is| one the
follow|ng:

¢ | for not-flowscorrected signals the default magnitude for this uncertainty component|is 1,5 %
of the measured signal;

o | forralow-corrected signal according to IEC 61400-50-1 Chapters 10.4.3 and 11.4.3 the default
maghitude for this uncertainty component is the root-sum-square of half the mean correction
applied to the wind speed signal and 05 % of the measured signal Wake effectsl shall be
excluded for the correction to be applied.

The same correction principle can also be applied to two top-mounted anemometers in a goal- post
configuration, with the same default magnitude for the flow-corrected signal.

12.2.0.3 Uncertainty related to the mounting of the lightning finial
(E.6.3.6 Category B uncertainties: Wind speed — Met mast sensors — Lightning finial)

This uncertainty component covers the uncertainty related to a possible lightning finial and its influence
on an anemometer.
The symbol for this uncertainty component is wy g ¢ ;-

The default magnitude for this uncertainty componentis 0,1 % to 0,2 % of the wind speed signal.


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

2860

2861

2862
2863
2864
2865
2866
2867
2868
2869
2870

2871
2872

2873

2874
2875
2876
2877
2878
2879
2880
2881
2882
2883
2884
2885
2886
2887

2888
2889
2890

2891
2892

2893
2894

2895
2896

2897
2898

2899
2900

2901

2902

2903

2904

2905
2906

2907

IEC NP 61400-15-2 © IEC 2024 84 88/1038/NP

12.2.0.4 Uncertainty related to the data acquisition of the signal from the sensor
(E.6.3.7 Category B uncertainties: Wind speed — Met mast sensors — Data acquisition)

This uncertainty component covers the uncertainty related to the data acquisition of the wind speed
signal.

The symbol for this uncertainty component is ugys; .

This uncertainty is also discussed in IEC 61400-50-1 Chapter 10.7.

The cj‘efault magnitude for this uncertainty component is 0,1 % to 0,2 % of the full range of the
measfired wind speed signal.

Consigering a wind speed range of 30 m/s of the measurement channel and an uncertainty of the data
acquigition system of 0,1 % of this range, the standard uncertainty from data acquisition is 0,33 m/s.

12.2.1 Wind Direction Sensors

Therelis an influence of the wind direction uncertainty on the AEP calculation. Based on the magnitude
of the|wind direction uncertainty , some data will be incorrectly assigned-to a bin. For a bin sige of 10°
and a|wind direction uncertainty of 5°, roughly 39 % of the data ip._a\bin has been wrongly dssigned.
Althodgh this will tend to average out, it can have an effect for,small measurement sectors and large
differgnces between adjacent bins. A similar argument appli€s-to the filtering on the power curve
measyrement sector, but to a lesser extent. This background:is the main reason why the IEC 61400-
50-1 dtandard requires that the wind direction uncertainty, is_assessed to ensure that it stays below 5°.

The influence from the wind direction on the power curve and AEP is not quantifiably establighed and
no sefsitivity factors have been developed.
As the wind direction uncertainty shall be reported; (IEC, 2017) Clause E.12 gives the minimum
uncerfainty components that shall be consideredifor the wind direction uncertainty.
The fpllowing uncertainty components are combined to calculate the category B uncertainty for the
wind direction measurement with wind vanegr sonic anemometer, uyyy ;:
— 2 2 2 2 2 2
Upy, = \/ Uvcati T Wit nm,i T Uwwpoi T Uwv,oei T Uwvmdai T Uawv,i
where
Uy i is the uncertainty related“to the wind direction measured with a mast mounted wind|direction
sensor (wind vane.-or-sonic anemometer);
uwyv.cqli IS the uncertainty\rélated to the calibration of the wind direction sensor;
uwv.nhi IS the uncertainty related to north marking of the wind direction sensor;
WV bd.i is the uncertainty related to the boom orientation on which the wind direction gensor is
mounted,
UWV,0d.i is the“uncertainty related to the influence of the meteorological mast on the wind|direction
measurement;
Uy mha,i ~iS°the uncertainty related to the magnetic declination angle;
Ugwy is the uncertainty related to the data acquisition of the signal from the wind directiop sensor.

12.2.1.0 Uncertainty related to the calibration of the wind direction sensor

(E.12.2.1 Category B uncertainties: Wind direction — Vane or sonic — Calibration)
This uncertainty component covers the uncertainty related to the calibration of the wind direction sensor.

The symbol for this uncertainty component is uyy cq ;-

The resolution of the wind direction sensor is also included here and this value divided by 2v/3 shall
be taken as a minimum value.

No default value is given but this uncertainty component shall be assessed and reported.
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12.2.1.1 Uncertainty related to north marking of the wind direction sensor

(E.12.2.2 Category B uncertainties: Wind direction — Vane or sonic — North mark)

This uncertainty component covers the uncertainty related to the accurate determination of the sensors
north mark in relation to the boom on which the sensor is installed.

The symbol for this uncertainty component is U, o i

No default value is given but this uncertainty component shall be assessed and reported:

12.2.1.2 Uncertainty related to the boom orientation on which the wind direction sensofr is
mounted

(E.122.3 Category B uncertainties: Wind direction — Vane or sonic — Boom orientation)

This yncertainty component covers the uncertainty related to establishing the direction of the boom
with r¢gards to the North reference, i.e. magnetic or true.

The symbol for this uncertainty component is uyy po -

No default value is given but this uncertainty component_shall be assessed and reported.

12.2.1.3 Uncertainty related to the influence of the meteorological mast on the wind
direction measurement

(E.12)2.4 Category B uncertainties: Wind«direction — Vane or sonic — Operational effectp)

This uncertainty component covers thexuncertainty related to the influence of the mast on the free
stream wind direction at the point of-measurement.

The symbol for this uncertainty.component is uyyy oe -

As th¢ wind will flow areund the mast, the wind direction as measured by the sensor may not be the
free flow wind direction. J;This effect is covered under this uncertainty component.

No default value~isigiven but this uncertainty component shall be assessed and reported.

12.2.1.4 _Uncertainty related to the magnetic declination angle

(E.12 225~ Category B uncertainties: Wind direction — Vane or sonic — Magnetic declinatiqn angle)

This uncertainty component covers the uncertainty related to the difference between magnetic north
and true north.

The symbol for this uncertainty component is UWV mda,i (MDA stands for magnetic declination angle).

The correction from magnetic north to true north is also related to an uncertainty.

No default value is given but this uncertainty component shall be assessed and reported.
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12.2.1

.5 Uncertainty related to the data acquisition of the signal from the wind direction sensor

(E.12.2.6 Category B uncertainties: Wind direction — Vane or sonic — Data acquisition)

This u

ncertainty component covers the uncertainty related to the data acquisition of the signal from

the wind direction sensor.

The symbol for this uncertainty component is Udw v, i-

No de

12.2.2

ault value is agiven but this uncertainty component shall bhe assessed and reported
~J J Ll Ll

Air density calculation

This WUncertainty component covers the uncertainty related to the influence of air -densify on the

AEP.
The symbol for this uncertainty component is uap ;.
The a|r density is derived from measurements of the air temperature, the humidity and the air pressure.
The a|r density uncertainty consists of four components:

a)| the uncertainty related to the use of a temperature sensor and the“data acquisition;

b)| the uncertainty related to the use of a pressure sensor and the data acquisition;

c)| the uncertainty related to the use of a relative humidity (RH) sensors and the data acquigition, or

the lack of such a sensor;

d)| the uncertainty due to the air density correction’
12.2.2.0 Uncertainty related to the use of @,temperature sensor and the data acquisition
(E.10.R Category B uncertainties: Airdensity — Temperature introduction)

This uncertainty component covers the uncertainty related to the measurement of the temperdture.

The symbol for this uncertainty.component is ur;.and is calculated according to the following|formula:
— 2 2 2 2
Ur; = JuT,cal,i + uT,shield,i + uT,mnt,i + udT,i
Wherg,
Up;. is the.uncertainty of the temperature measurement;
Ur cali iS\the uncertainty related to the calibration of the temperature sensor;
Ursniet i » s the uncertainty related to the shielding of the temperature sensor;
U mnt.i s the uncertainty Tetated to the mounting of the temperature sensor;
Uyari- is the uncertainty related to the data acquisition of the temperature signal.

Example calculation: If we make the following assumptions:

The standard uncertainty of the temperature sensor is 0,5 °C.
The shielding of the temperature sensor is 2 °C.

The standard uncertainty due to mounting effects of the temperature sensor is dependent on the
vertical distance from the hub height. With the temperature sensor mounted within 10 m of hub
height a standard uncertainty of 1/3 °C is assumed.

Considering a temperature range of 40 °C of the measurement channel and a standard
uncertainty of the data acquisition system of 0,1 % of this range.
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Then the numerical calculation for the standard uncertainty of the air temperature in each bin is:

ur; = /(0,5K)2 + (2,0K)2 + (0,3K)% + (0,1% * 40K)2 = 2,1K

12.2.2.01 Uncertainty related to the calibration of the temperature sensor
(E.10.3 Category B uncertainties: Air density — Temperature — Calibration)

This uncertainty component covers the uncertainty related to the calibration of the temperature
sensor.

The symbol for this uncertainty component is ur g4 ;.

The dpfault magnitude for this uncertainty component is 0,4 °C to 0,6 °C.
12.2.24.0.2 Uncertainty related to the radiation shielding of the temperature-sensor

(E.104 Category B uncertainties: Air density — Temperature — Radiation shielding)

This Uncertainty component covers the uncertainty related to the radiation’shielding of the tenpperature
sSensof.

The symbol for this uncertainty component is ur spiera,;--
The default magnitude for this uncertainty component is 1,5°2C to 2,5 °C.

12.2.24.0.3  Uncertainty related to the mounting of the temperature sensor

(E.105 Category B uncertainties: Air density-~ Temperature — Mounting)
This yncertainty component covers the uncertainty related to the mounting of the temperaturg sensor.
The symbol for this uncertainty component is ur ;..

The default magnitude for this utcertainty component is 0,25 °C to 0,4 °C.

12.2.2.0.4 Uncertaintywrelated to the data acquisition of the signal from the temperature
sensor

(E.10.6 Category B uncertainties: Air density — Temperature — Data acquisition)

This Uncertainty component covers the uncertainty related to the data acquisition of the signal of the
temperaturéssensor.

The s\unbol for this Lincertaintvy comnonent is 11
Yee++er—tstHh FeHAtY-cOMPOReATS g

The default magnitude for this uncertainty component is 0, 1 % to 0,2 % of the full range of the
measurement channel. With an assumed temperature range of 40 °C this comes to 0,04 °C.

12.2.2.1 Uncertainty related to the use of a pressure sensor and the data acquisition

(E.10.7 Category B uncertainties: Air density — Pressure introduction)
This uncertainty component covers the uncertainty related to the measurement of the pressure.

The symbol for this uncertainty component is uz;.and is calculated with the following formula:
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— 2 2 2
Ug; = JuB,cal,i + U mne; T Uas,i
Where,
uB,i is the uncertainty of the pressure measurement;
uB,cal,i is the uncertainty related to the calibration of the pressure sensor;

uB,mnt,i is the uncertainty related to the mounting of the pressure sensor;

udB,i

is the uncertainty related to the data acquisition of the pressure signal.

If we make the following assumptions:

Then

12.2.2
(E.10.

This

The s

The d

12.2.2
(E.10.

The pressure sensor to have a standard uncertainty of 3,0 hPa. It is assumed that the
is corrected to the hub height according to ISO 2533 (which, for a standard‘atmosphsg
height difference of 98 m between the sensor and the hub, is 11,7 hPa). Thevstandard un
due to deployment is estimated to be 10 % of the correction, which is 1,17 ‘hPa.

Considering a pressure range of 100 hPa of the measurement channel'and a standard ur
of the data acquisition system of 0,1 % of this range.

he numerical calculation for the standard uncertainty of the-air’pressure is:

ug; = +/(3,0hPa)? + (1,17hPa)? + (0,1%% 100hPa)? = 3,2hPa

1.1 Uncertainty related to the calibration‘of the pressure sensor

8 Category B uncertainties: Air density = Pressure — Calibration)
ncertainty component covers the uncertainty related to the calibration of the pressur

mbol for this uncertainty component is ug ¢g] i-

efault magnitude for this uncertainty component is 2 hPa to 4 hPa.

.1.2  Uncertainty-related to the mounting of the pressure sensor

O Category B _uncertainties: Air density — Pressure — Mounting)

This Uncertainty,"component covers the uncertainty related to the mounting of the pressure s

The s

ymbol for this uncertainty component is ug mnt j-

pressure
re and a
certainty

certainty

e Sensor.

eNnsor.

The default magnitude for this uncertainty component is determined by the height difference for
which the signal from the pressure sensor is corrected. Using ISO 2533 the pressure related to this
height difference can be calculated. The default magnitude for the uncertainty related to this pressure
correction is 10 % of the correction.

For a sensor installed at a height of 2 m and a hub height of 100 m, the difference is 98 m which

gives

a pressure difference of 11,7 hPa. The uncertainty would then be 1,17 hPa.

12.2.2.1.3 Uncertainty related to the data acquisition of the signal from the pressure

(E.10.

10 Category B uncertainties: Air density — Pressure — Data acquisition)

sensor
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This uncertainty component covers the uncertainty related to the data acquisition of the signal of the
pressure sensor.

The s

ymbol for this uncertainty component is ugp j.

The default magnitude for this uncertainty component is 0.1 % of the full range of the measurement
channel for pressure. Considering a pressure range of 100 hPa of the measurement channel this gives
0.1 hPa.

12.2.22—Uneertainty—related-to-the-use-ofrelative-humidity(RH)}-sensors—and-the-data

(E.10.

The r
assu

The s

In casle the humidity is measured, this uncertainty compahent has three sub-components:

uRH, i is the uncertainty of the relative humidity‘measurement;

uRH,cq),i is the uncertainty related to the calibration of the relative humidity sensor;
uRH,mpt,i  is the uncertainty related to the mounting of the relative humidity sensor;
udRH,i is the uncertainty related to the data acquisition of the relative humidity signal.

If we make the following assumptions:

* The
* The
* Con

data gcquisition system of 0.1% of this range.

Then

12.2.4.2.1 Uncertainty related to the calibration of the humidity sensor

(E.10.

This ’}ncertainty component covers the uncertainty related to the measurement of ‘the relative

acquisition, or the lack of such sensors

11 Category B uncertainties: Air density — Relative humidity introduction)

lative humidity is not required to be measured. In that case, a default-value of 50 %
ed with an uncertainty of 100 % (from 0 % to 100 %).

mbol for this uncertainty component is ugy; .and its formula is:

I 2 g
URp,i = J Urn,cati T UrHmne,i T Aardi

relative humidity sensor to hayeya standard uncertainty of 1 %;
mounting of the sensor to be.0.1 %;
bidering a pressure rangeof 100% of the measurement channel and a standard uncertai

he numerical calcllation for the standard uncertainty of the relative humidity is:

Upri = +/(1,0%)2 + (0,1%)2 + (0,1% * 100%)? = 1,0%

12.Category B uncertainties: Air density — Relative humidity — Calibration)

humidity.
shall be

nty of the

This uncertainty component covers the uncertainty related to the calibration of the humidity sensor.

The symbol for this uncertainty component is ugy cq1; -

The d

efault magnitude for this uncertainty componentis 1 % to 2 %.

12.2.2.2.2 Uncertainty related to the mounting of the humidity sensor

(E.10.

13 Category B uncertainties: Air density — Relative humidity — Mounting)

This uncertainty component covers the uncertainty related to the mounting of the humidity sensor.


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

3078

3079

3080

3081

3082
3083

3084

3085
3086

3087

3088

3089

3090

3091
3092
3093
3094
3095

3096

3097
3098
3099
3100
3101
3102
3103
3104
3105
3106

3107
3108
3109
3110
3111
3112
3113

3114
3115
3116

3117
3118
3119
3120

IEC NP 61400-15-2 © IEC 2024 90 88/1038/NP

The symbol for this uncertainty component is uzy mnt,;i -
The default magnitude for this uncertainty component is 0,1 % to 0,2 % of the measured value.

12.2.2.2.3 Uncertainty related to the data acquisition of the signal from the humidity sensor

(E.10.14 Category B uncertainties: Air Density — Relative humidity — Data acquisition)

This uncertainty component covers the uncertainty related to the data acquisition of the signal from the
humidity sensor.

The symbol for this uncertainty component is uggy; -

The default magnitude for this uncertainty component is 0,1 % of the full range of the meagurement
channlel for relative humidity.

12.2.2.3 Uncertainty related to the correction of air density

(E.10[15 Category B uncertainties: Air density — Correction)
This Uncertainty component covers the uncertainty related to theqairdensity correction.
The symbol for this uncertainty component is uap methoa;

As part of the data analysis, a normalisation from méasured air density to a reference air density is
performed. This normalisation is related to an.uncertainty component, in part becaus¢ of the
uncerfainties in the measured temperature, pressure and relative humidity but also because one of the
underlying assumptions upon which the normalisation formula is based is increasingly inaccprate the
larger|the air density difference is on which thé air density normalisation is applied.

12.3 |Remote Sensing Device Measurément Uncertainty

Remote Sensing Devices (RSDs) ,or) Remote Sensors (RS) including sodar and lidar are |used for
measyrements of wind speed, wind direction, vertical wind speed, and turbulence intensity. These
differgnt measurements are typically generated using the same database of high frequency (0.2 Hz — 50
Hz) line-of-sight (LOS) measuréments reconstructed to 10-minute averages.

This sgction outlines the-tincertainty components and calculation of the uncertainty level associpted with
reconstructed RSD measurements. These uncertainties can be applied to different meastirements
genergted by RSDs, including:

e [ Wind_speed

¢ | Winddirection

o | Vertical wind speed component

o —Standarddeviatiomof horizomtatwind-speedcompomnernt
e Turbulence intensity

e Standard deviation of vertical wind speed component

e Extreme wind speed within 10-minute period

12.3.0 Those derivative, post-processed, or composite values described in section 1.1.4 are
outside the scope of this standard. Generalized uncertainty components for RSD
measurement campaigns

This uncertainty component covers the uncertainty related to the RSD for an SMC. For different
measurements using the same LOS data, specific instances of these general uncertainties are described
in sections 9.4.2 — 9.4.10.
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12.3.0.0 Hierarchy of Uncertainties
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Contributions to the measurement uncertainty budget fall into three broad categories, which form a
hierarchy of uncertainties associated with classification, calibration and configuration, that address the
performance of a type of instrument, the performance of a specific unit of that type, and the performance
of that unit during a specific measurement campaign, respectively. This is illustrated in the diagram

below.

Type of RSD

Classification uncertainty

Individual Individual Individual
unit unit unit

Calibration uncertainty

Qo Q o0 QI Q|
= 2 2 = 2 2 = 2 2
»w v »n w »n » w o»n | »

Configuration uncertainty

The uncertainty estimates to be applied to_miéasurements obtained during a specific mea

Individual
unit
SR ET)
2NZ | =2
[F] (5] v

=

Uncertainty for an SMC = Classification + Calibration + Configuration

campaign is derived by combining contributions to uncertainty associated with:

e | The sensitivity of the accuracy)of units of that type to the values of environmental
observed during the specificimieasurement campaign, evaluated in accordance with the

on classification describedlin IEC 61400-50-2, Chapter 6

surement

variables
guidance

e | The performance of the“individual unit deployed during the specific measurement campaign, with

document Annex A.2, Calibrations Using Remote Sensing

e | The extent to which the configuration of the unit during the specific measurement g
replicates the way it was installed and operated during its calibration, in accordance with
guidance on installation and operation described in IEC 61400-50-2, Chapter 9.

Devices.

respect to accuracy, as determined during calibration according to the guidance on c
described in IEC'61400-50-2, Chapter 7 for verifications carried out using met masts, a

blibration
nd in this

ampaign

e The results of the post-validation to determine if there is systematic drift in the device.

Therefore, the uncertainty budget can be expressed as follows:

Ursp? = Ucia? + Ucai? + Ucon? + Uprostcal®

Where:

Ursp is the uncertainty to be applied to RSD measurements
Ucia is the classification uncertainty

Ucal is the calibration uncertainty

Ucon is the configuration uncertainty

Urostcal is the post-calibration uncertainty
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The classification uncertainty may be zero if no observed environmental sensitivities exist as described
in [IEC 61400-50-2, Chapter 6.5.

The calibration (or verification) uncertainty will always be non-zero. The calibration uncertainty can be
interpreted as the intrinsic uncertainty of the instrument.

The configuration uncertainty may be zero if the requirements of [CHAPTER X.X] are fulfilled and none
of the sources of configuration uncertainty described below are incurred.

The in_situ or post-calibration (or verification) uncertainty may be zero if no deviation from the calibration
is observed.

12.3.0.1 General Uncertainties for Energy Yield Assessment Measurement Campaigns
The bglow uncertainties are described in IEC 61400-50-2 :

o [ ugraass  uUncertainty of RSD classification (equivalent to Ucia)
® [ Ugrver uncertainty of RSD verification (component of Ucal)
® | ugrpost  uncertainty of RSD in situ or post-verification (component of\Utal)

Configuration uncertainty has subcomponents:

chon = uéR,flow + uéR,mount + u(Z;R,D + u?;R,adj + u(Z;R,DF
Also described in IEC 61400-50-2:

o | ugrmow  Uncertainty of flow complexity within.the-measurement volume
* | UGradj uncertainty of measurement adjustment

® [ Ugrmount UNcertainty of mounting effect

o | ugrp uncertainty of RSD deployment documentation and verification

G subgcript indicates these are Generalized and can be applied to any of the measurements listed above
(e.g. wind speed, wind direction, turbulence intensity) if there is a need in AEP estimation. R pubscript
indicafes Remote Sensing Device.

Note fhat the applicability of individual uncertainty components and contributions may be use|case- or
measyrement-dependent. For’example, the contribution of nonhomogeneous flow to vagrification
uncerfainty may be zero in.wind speed measurements in simple terrain or offshore but non-zefo and of
critical importance for complex terrain.

12.3.1 RSD windispeed measurements
12.3.1.0 Classification

This unceftainty component covers the uncertainty related to the result of the classification of the remote
sensing.device for wind speed.

The symbol for this average wind speed uncertainty component is uyg dass

The calculation of this uncertainty is covered in IEC 61400-50-2, Chapter 6, Classification of Remote
Sensing Devices.

12.3.1.1  Verification

This uncertainty component covers the uncertainty related to the result of the verification of RSD wind
speed measurements. The terms “Verification” and “Calibration” when referring to overall processes are
equivalent. The specific application of calibration values derived from these processes varies depending
on the SMC and Use Case.

The symbol for this average wind speed uncertainty component is uyR yer
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12.3.1.11 Meteorological mast verification

For verifications using co-located met mast anemometry, the calculation of this uncertainty using a
collocated met mast is covered in IEC 61400-50-2, Chapter 7, Verification of the performance of remote
sensing devices with the following changes:

e Wind speed range 4 m/s to 12 m/s, inclusive

12.3.1.1.2 RSD verification

For verifications using a reference remote sensing device, RSDget (referred to as a “golden” or “master”
RSD) [ the reference RSD must itself have been calibrated to calibrated reference sensors, pn a met
mast.

relevant to measurement accuracy to the conditions prevailing during its own caljbration, guch that

The S{itability of the RSD as a reference relies on operational conditions being equivalentin alllrespects
equivalent performance with respect to accuracy may reasonably be anticipated.

The verification test shall be performed for each individual RSD unit.

In the |case of significant deviations of the measurements of the RSD and the reference sensors)possible
reasons for deviations shall be investigated.

If the|RSD measurements agree with the reference sensors within~the key performance ihdicators
thresHolds, the transfer functions as derived from the comparison~of the reference sensorq to RSD
measlirements should be applied, and the evaluation of the vetification test shall be repeated with the
corredted data of the RSD.

The verification of the RSD should be performed in such.a way that the RSD configuration during the
verificlation test is close to the RSD configuration during the measurement campaign. The vgrification
test agcording to IEC 61400-50-2, Ed. 1 may be performed for

e [ Wind speed

e | Wind direction

e | Standard deviation of horizontal wind Speed component

e | Turbulence intensity

e | Vertical wind speed component

e | Standard deviation of vertical’'wind speed component

e | Wind speed ratio at two.height levels, e.g. wind speed at hub height divided by wind sgeed at
highest measurementi\height of an adjacent measurement mast

e | Wind shear

e | Wind veer

o | Vertical flow inclination

o | Extremeswind speed within 10-minute period

In the|case that an RSD is applied for turbulence measurements, at least the verification tes{ shall be
performed-also for the turbulence intensity, and the results shall prove the capability of the instrument
for suthmeasurements:

12.3.1.1.3 Height of measurement for verification

It is pointed out that the uncertainty of an RSD can be dependent on the measurement height, so the
requirements of the IEC 61400-50-2, Ed. 1 regarding heights used for the verification test shall be
applied.

Specific heights conditions apply for the classification and verification of the RSD. These are described
in IEC 61400-50-2, Ed. 1. One of these conditions is that “A remote sensing device classification and
verification shall be considered valid for the purposes of a power curve test of a wind turbine if the
reference cup anemometers used during the classification and verification tests were mounted at a
minimum of 3 heights, including the lower tip height of the wind turbine +/- 25 % and the hub height of
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the wind turbine +/- 25 %.” Similar condition should be applied although the validity must be based on
an estimation of the height of the wind turbines model which could be chosen for the project: if the RSD
is calibrated at a height lower than 0.75 times the expected height of the wind turbines therefore an
uncertainty of calibration uncertainty extrapolation should be considered.

This uncertainty is non-zero only if an inconsistency is observed over the height of measurement of the
RSD. Specifically, if the calibration uncertainties of the lidar are significantly different at two different
heights, then the uncertainty of calibration uncertainty extrapolation is considered non null. A typical
threshold to identify inconsistency could be the k 1 uncertainty of calibration reduced by mean deviation
(IEC61400-50-2 Ed. 1, Annex L), typically composed of reference uncertainty, mounting uncertainty and
statistical uncertainty. A typical value could be 1.5%.

The cplculation of this uncertainty of calibration uncertainty extrapolation is based on an extrppolation
of thecalibration uncertainties at the specific measurement campaign height (expected hub height of the
wind turbines for example). The extrapolation method depends on the model that can be~applied to fit
the calibration uncertainties. Linear regression is nonetheless recommended when possible.

If non(zero, this added uncertainty should added to uy ¢ in quadrature.

12.3.1.1.4 Testing laboratory accreditation
Thesq tests should be prepared by independent companies having extensive experiencel in wind
measyrements, RSD and with the performance of such tests.
12.3.1.1.5 Frequency of pre-verification

The verification of the RSD should be performed at most 1 year prior to the start of the meagurement
campaign. Failure in calibrating at the prescribed timeline results in an uncertainty penalty acgording to
the following rule:

e | Each month separating the start of the campaijgn and the verification date should accoynt for an
uncertainty equivalent to 2% divided by the sefvice interval rounded to two decimal pla}es.

e | This does not account for the 1-year period prior to the start of the campaign. Each month started
accounts for an entire month.

Example: The RSD service interval is 3 years. The penalty per month is 2% divided by 36 months (0.06%
per mpnth).

e | RSD is calibrated on July 15,2019
e | Campaign starts on September 20, 2020

Campaign Start Date Ranges After Verification Added uncertainty
July 15, 2019 to July 157 2020 0%

July 16, 2020 to August 16, 2020 0.06%

Augugt 16, 2020'to September 16, 2020 0.12%

September 16, 2020 to October 16, 2020 0.18%

If non-zero, this added uncertainty should added to uyR ¢ in quadrature.

12.3.1.2 Measurement control

This uncertainty component covers the uncertainty related to the result of the post verification of the
remote sensing device or to the result of the monitoring of the remote sensing device.

The symbol for this average wind speed uncertainty component is uyg poswver if POSt verification is carried
out or . uyy i if monitoring of the remote sensing device is carried out.

IEC 61400-50-2, Ed. 1 requires a monitoring of the RSD measurements with a control mast with a
minimum height of 40 m or the lower tip height of the considered type of wind turbine. The purpose is to
check the data for consistency, caused e.g., by a drift or outliers in the data of the RSD or systematic
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effects because of absent data. This campaign configuration may be used directly for wind resource
assessment.

Contrary to IEC 61400-50-2, Ed. 1, this standard allows for monitoring to be substituted by performing a
second verification test after the measurement campaign. provided the project site and the verification
site are assessed as not complex in accordance with IEC 61400-1 Section 11.2.1.

Standalone RSD measurements are permitted if:

e The lidar is verified before and after the measurement campaign

(] Thc }JIUJ.GL;t O;tG al Id vClI ifibdtiull aitc al'c cquivq:C| It. Equ;va:cl 1UC ;O cetab:iahcd If

o both sites are classified as “not complex” according to Table 5 in IEC 61400-1:20189.

o both sites share the same “complex” category according to Table 5 in IEC 61400-1:2019, and
an evidence base exists demonstrating the uncertainties of RSD measurements‘genernated
using a combination of a suitable flow model and the wind field reconstruction‘algorithm in
comparison to collocated in situ reference sensors

e | The surface conditions beneath the measurement volume are uniform at both sites

Monitpring or post-calibration uncertainty is non-null only if the mean deviation obtained [from the
comparison to the reference is inconsistent with pre-verification results pf.if significant and ung¢xplained
drift i observed.

12.3.1.21 Post-verification method and uncertainty

The circumstances of the post-verification should replicate as ‘closely as possible the circumsfances of
the SMC, to ensure the performance of the instrument with respect to accuracy observed at the post-
verificlation test site may be considered representative ofvits performance during the SMC. In particular,
the instrument configuration implemented duringsthe SMC should be reproduced during post-
verificlation. The test site should not introduce any«influences on accuracy that were absent during the
SMC. [This ensures discrepancies in performancélebserved during post-verification can be attijibuted to
the cgnfiguration used during the SMC as confidently as possible.

For ekample, in relation to instrument canfiguration, to following attributes of the SMC should be
replicated during post-verification (non-exhaustive list):

e | Firmware;

¢ | Installation procedure (t0 establish location and orientation relative to the target measurement jolume
within the same tolerances);

¢ | In the case of programmable devices, the same configuration.

Examples of variations between SMC and post-verification that can be accepted include (but are not
limited to) powet/supply and communications system.

In relgtionAo\the post-verification test site, characteristics that influence flow complexity that may in turn
have jmplications for wind field reconstruction (WFR) should be replicated, or where they|differ, a
technicalrationale should be provided rpgarding why the difference may he dic.rpgardpd Far example:

e Orographic complexity of the SMC site terrain should be replicated by the post-verification test site.
The degree of surface roughness may be disregarded in the case of uniform roughness within reasonable

limits. However, variations in surface type may be significant if this leads to differential surface heating
that introduces convective influences on flow complexity.

12.3.1.2.2 Measurement control method and uncertainty

The post-verification should be carried out at an accredited test site, calculating the uncertainty and
mean deviation from the reference following the method described in IEC 61400-50-2 (the same style of
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analysis used for the verification test) These need not be carried out at the same site, not following
exactly the same methodology, provided both are carried out following the 50-2.

If the unadjusted pre- and post-verification are both within the uncertainty bounds of the verification

tests,

Upostcal is zero.

If the unadjusted pre- and in situ verification are both within the uncertainty bounds of the verification

tests,

Uisc is zero.

If a correction is applied to the pre-verification (following IEC 61400-50-2 Chapter 7) the same correction

shall

ata and

identi
bound

If afte
test U]

In this

If it is
a meg
, an g

e appﬁpd to the pnqhvpﬁﬁraﬁnn or in situ data If the corrected prp-vpﬁﬁraﬁnn
ally-corrected post-verification or identically-corrected in situ verification are within the un
s of the verification tests, Upostcal or Uisc is zero.

I applying the same adjustment to each, one verification exceeds the uncertainty boun
bostcal OF Uisc is non-zero.

case, Upostcal or Uisc is computed:

Compute the fixed-intercept linear regression slope of the wind speed binymeans for the verific
Mmcal

Compute the fixed-intercept linear regression slope of the wind speed bin means for the -post-
verification or in situ test, Mpostcal

Compute:
Megr

Upostcar = |1 -
Mpgstcal

not possible to perform a post-verification test oh a device due to a device outage neart
surement campaign, or other circumstances, \Urostcal or Uisc is non-zero. In this circumst
ff-site reference data source may be used“to assess possible drift in the measureme

calibration. The method for assessing the consSistency of the performance of an instrument wit

to acd

uracy using an off-site reference is as\follows:

Acquire reference data concurrentwith the target measurements acquired on site by the primal
instrument;

Bin the on-site data accordingto circumstances that may influence the relationship between th
measurements and the reference data, for example, to reflect diurnal, seasonal and directiona
by binning according to time of day, time of year, and direction sector;

Calculate the ratiotofithe target and reference data in each bin;

To determine iftwo periods of time are consistent, perform a Student's t-test on ratios from ead
for each bin.

certainty

ds of the

ation test,

ne end of
ance

nt device
N respect

ry

e target
effects

h period

Sourge Uncertainty range

Test site 0% 10 %

Onsite sensor 0% "to 1%

Offsite reference data 1% to 3%
12.3.1.2.3  Uncertainty calculation
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Measurement control Post verification Term to use Other term

Yes No UYR isc Uyr postver should be
’ " disregarded

No Yes Uyr postver UyR isc should be
’ disregarded

12.3.1.3 Operational conditions

12.3.1.3.1 Complex flow and complex terrain

The IEC 61400-50-2, Ed. 1 restricts the application of RSD to simple terrain (simple-terrain acdording to
Annex B of IEC 61400-50-2, Ed. 10. Background of this restriction is that most'RSD’s measure| different
wind speed components in spatially separated probe volumes under the‘assumption of equal wind
jons across the different probe volumes. This assumption can be (violated in non-simp|e terrain
hn lead there to significant measurement errors. Nevertheless, there are different possipilities to

condi
and c
contrg

Contr

or correct such errors:

The measurement error due to flow inhomogeneity across the probe volumes can be eyaluated
with the help of three-dimensional flow models. In addition, IEC 61400-50-2, Ed. 1 incIIdes a
simple procedure to estimate this measurement erroriBased on such assessments, th
position or beam orientation of the RSD can often’be“chosen such that the respective
measurement error remains acceptably low.

The error assessment by means of the application of three-dimensional flow models cgn be
applied for deriving corrections of the measurement of the RSD.

There are RSDs with automatic detection’ of complex flow regimes and internal correctipns of
the measurement error due to the flow complexity.

ry to IEC61400-50-2 Ed. 1, the application of remote sensing is acceptable in non-simpje terrain

if at lgast one measurement mast exists on the site. RSDs give additional information abouf the flow
condiffons on the site and such can be used as a validation of the flow model, and so reduce hodelling
uncerfainties. See also a more detailed description in Annex IEC61400-50-2 Ed. 1. In this case|following

condi

ions shall be considered.

If no correction of the' measurement of the RSD is performed, the respective measurenjent
error due to inhomogeneous airflow as assessed by means of a three-dimensional flow] model
or by other méans shall be calculated and added as standard uncertainty. The total combined
uncertainties of the measurement of the RSD must be acceptably low for the required
application:

If a correction of the measurement of the RSD is performed on the basis of a three-dimensional
flow model or an internal correction, up to half of the correction shall be applied as an
additional standard uncertainty of the correction (weighted with wind rose). For relative wind

speedapplications{windshear)the differernrce of thecorrectiomat the tetevant heights-used
shall be considered.

If a three-dimensional flow model is used to assess a correction or to estimate the
measurement error due to inhomogeneous airflow, the model shall be applied with a resolution
in terms of the wind direction of at least 10°. Furthermore, the spatial resolution of the model
shall be appropriate in horizontal and vertical direction such that differences of the airflow
covered by the different probe volumes can be evaluated. For usually regarded measurement
heights and devices a reasonable mesh resolution would be in the order of 10 m for the
horizontal resolution.

Both uncorrected and corrected wind speed time series must be available to allow the
determination of the magnitude of the internal correction and plausibility checks.

Correction methods must be validated and the general correction principle must be transparent.


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

3425

3426

3427
3428
3429

3430

3431
3432
3433
3434
3435
3436
3437
3438
3439
3440

3441

3442
3443

3444
3445
3446

3447
3448
3449
3450

3451
3452

3453
3454

3455
3456

3457
3458
3459
3460

3461

3462
3463

3464
3465
3466
3467
3468

IEC NP 61400-15-2 © IEC 2024 98 88/1038/NP

The symbol for this uncertainty component on a wind speed bin basis is uyg gow ;
The symbol for this average wind speed uncertainty component is uyg 0w

Informative recommendation for the calculation of this uncertainty is given in L.4.4 of IEC 61400-50-2
Ed. 1. Alternatively, information for such a calculation can be found in IEA Task 52 reports or CFARS
reports.

12.3.1.4 Installation, monitoring and operation of the RSD

IEC 6 =50=2E" i ; i i the RSD
measyrements, which shall be fulfiled and which in the end also influence the accuragy of the
measyirement. These requirements cover for instance the positioning of the RSD relative t6 wing turbines
and ofher objects (forests, buildings and sound sources), the parameterization of the RSDi/the glignment
of thg RSD and the synchronization of the RSD with concurrent mast measurements |or other
measlirements.

The cplculation uncertainty arising from the document and verification, uygpy, mounting, uy,
monitering during deployment, uyg oy ; » Modification during the measuremeérit campaign, uyyp
the R$D of the device are described below

R mount i
)

ﬂodl’ of

12.3.1.4.1 Mounting

This yncertainty component covers the uncertainty related to‘the mounting installation of the remote
sensing device. The symbol for this average wind speed uncertainty component is uyg 1y ount

Genetally, for profiling remote sensing devices, this_{ilt-induced error can be modelled by @ cosine,
modulated by the wind shear. These errors vary slightly for different remote sensors and the¢ device-
speciffc errors should be documented by the devjce manufacturer.

Systemmn tilt shall be logged regularly in RSD metadata.

¢ | In cases where the sensor-specific. bias is <0.1% according to the system tilt and the device sgecific
error function uyp ,ounc Shall be zero
e | In cases where the sensor-specific bias is 20.1% according to the system tilt and the device specific
error function uyg oune Shalhbe equivalent to the bias
e | In cases where the sensor-specific bias is 20.1% according to the system tilt and the device specific
error function, and the bias is corrected, uyg ,ount Shall be equivalent to the 20% of the bias

12.3.1.4.2 Documentation and monitoring of device health status

This Uncertainty'ecomponent covers the measurement uncertainty arising from the lack of information on
the ingtallation of device and the monitoring of the device as well as the impact of erroneous infprmation.
This Tcompasses wrong GPS coordinates, missing reporting of obstacles that can impact the wind flow

and afy othér missing and/or erroneous information that impairs the estimation of the mean wind speed.

The symbol for this average wind speed uncertainty component is uyg p

The RSD deployment should comply with the RSD manufacturer’s recommendations. If the deployment
does not comply with these recommendations this should be documented in the service log.

The RSD should be regularly monitored and inspected to detect any problems that could impact the data
quality. The monitoring and inspection of the system should be documented with reference to the logs
files of the device. Typical health signals are the system logs giving the disk remaining space, the
levelling of the system, the internal temperature, the measurement chain operation or the connection to
network quality.
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The calculation is based on penalties given in case of failure for the below questions. Uncertainty is
obtained through direct sum of penalties. In case of failure on all the below questions, a penalty
uncertainty of 1.5% could be applied.

QUESTIONS IF NO THEN PENALTY=
SITE VISIT OR GPS READINGS OF SITE | 0.25%
LOCATION INCLINATION/HEADING?

REVIEW INSTALLATION AND | 0.25%
MAINTENANCE LOGS?

SIT VISIT INSPECT/VERIFY THE | 0.5%
CONFIGURATIONS?

SITH VISIT CHARACTERIZE | 0.25%
SURROUNDINGS/EXPOSURE?

DOCIUMENTATION OF ROUTINE | 0.25%
INSHECTION AND MAINTENANCE

12.3.1

This u
during
retrofi

The sy

RSD r
Any o
operat
must €

When

.4.3 Modification during the measurement campaign

the measurement campaign. It covers the uncertainty . due to maintenance and/or repa
[ and/or upgrade of the system.

mbol for this average wind speed uncertainty compafent is uyg, mod

bquire maintenance to ensure optimal operatian_and so can require repair and/or retrofit and/of
peration on the device should keep the device operating reliably and in a consistent mann
ons may involve work on the RSD that could alter the performance of the RSD. The RSD ma
nsure the certification continuity of the measurement.

an RSD is modified by manufacturer for any of the reasons mentioned, the manufactur

docunpent all activities that have been’carried out. Documentation should include time and dat

of par

Wherg
includ
copy

quality
prove

The {
perfor|
classi

s replaced or repaired, including serial numbers.

calibrated parts are replaced during these operations, the calibration documents s
ed, or a proof of the device certification continuity should be given by the manufacturer. Al

of the data should be highlighted and reported. In case the certification continuity c
 then the device should go through a new verification process.

ame remote sensing device configuration, operating parameters, software, firmw
mancé-related hardware components shall be used during the SMC as were used durir]
ication and during the performance verification test. If not, the manufacturer should den

ncertainty component covers the uncertainty related to the modification the remote sensing device

ir and/or

upgrade.
br. These
hufacturer

pr should
b, details

hould be
relevant

pf the documentation should be returned to the user. Any modifications that may influence the

annot be

are and
g device
nonstrate

CONSiS

tency of measurement before and after modifications.

In case the manufacturer cannot ensure certification continuity or provide relevant documentation, the
modification during the measurement campaign is non null. This uncertainty should be evaluated in
accordance with the manufacturer guidelines. Values up to 5% may be considered.

12.3.1

.5 Adjustment

This is general catch all uncertainty component that applies to any adjustment that has not already being
accommodated in this section. It does not include verification 12.3.1.1, classification 12.3.1.0 and

compl

ex flow 12.3.1.3.1. This component only applies if an adjustment is performed.

The symbol for this average wind speed uncertainty component is uyy ajd
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The uncertainty needs to be based upon the adjustment method. The typical uncertainty ranges from 0%
to 5%.

12.3.1

.6 Data gaps due to low RSD availability

Wind measurements with RSD’s can be subject to data gaps of other nature than in the case of the
application of measurement masts. These can arise from e.g.:

Precipitation

Fog (LIDAR can often not measure in fog)

Periog
taken
then n
be bia

Decreasing data availability with measurement heignt
Internal data filters

Atmospheric stability (the availability of SODAR data often decreases at neutral atmos
due to the lesser or non-existent air temperature gradient)

Too low aerosol content (can appear at LIDAR measurements, e.g. at clear weather at
altitudes)

Too high ambient noise or fixed echoes in the case of SODAR measurements

Outage of power supply

if data gaps always tend to appear at similar meteorologigal-conditions and if these cond
ot well represented in the valid database anymore. In such cases, relations to long-term

In ca

Thosdg methods should be validated and justify additional uncertainty.

12.3.1.7 Data filtering
This uncertainty component covers the uncertainty related to the processing of Lidar data espeq

regar

guidamce of the manufacturers of the remote sensing device employed. For example, the RSD d
with quality indicator that determine guality of measurement. Appropriate filtering should be c3

to en
This |

usedr:ln classification and verification. Limited deviations from the classification and verificatio

sche
be de

The s

The s

e of very low data availability, gaps filling methads*should be deployed to augment the

to quality check. Device-specific measures should be undertaken according to the ag

ure good quality of dataset.
ncertainty component is'zero if the data is filtered according to the same scheme thar

e can result in acceptable datasets but results in an additional uncertainty component th
ived using information supplied by the RSD manufacturer.

mbol for this\uncertainty component on a wind speed bin basis is uyg pr ;

mbol<forthis average wind speed uncertainty component is uyg pp

bhere

high

s with doubtful measurements must be excluded from the data-evaluation. However, carg shall be

tions are
data can

sed, what can result in significant errors of the long-term adjustments of the measuremelnts.

dataset.

ially with
vice and
Ata come
rried out

the one
h filtering
At should

12.3.2

Combination of uncertainty from bin-wise uncertainty to global uncertainty

The RSD wind speed measurement uncertainty is considered a single value independent of the wind
speed, unlike the bin-wise uncertainty described in documents such as IEC 61400-50-2. Therefore, if
the uncertainty of wind speed has been calculated on a bin-wise basis, it should be converted into a
single value. To do so, the bin-wise uncertainties must be combined as a weighted average, with weights
being derived from the wind speed distribution at the site. The wind speed distribution at the site should
be derived from measurements made using the RSD. Only measurements considered to be valid should
be used to derive the wind speed distribution.

13 O

13.0

perational Energy Production Data

Verification of Wind Conditions by Reference Wind Turbine Production Data
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In case operational energy production and availability data is available from wind turbines nearby and
representative for the planned wind turbine site, this data can be used as main input for an energy yield
assessment. These turbines are named reference wind turbines and are used to adjust the meteorology and so
represent the site wind conditions. In such a case, model wind data (e.g. ERA-5 or Merra-2 reanalysis or
mesoscale data) or wind data from meteorological weather stations, which is deemed suitable for the wind speed
and direction distributions, may be used as main meteorological input instead of on-site wind measurements. The
used meteorology is verified by modeling the energy yield of the reference wind turbines and scaled until the
operational energy yield of the different reference wind turbines is best met.

To apply this OEPR-verification (Operational Energy PRoduction) procedure, the production data must meet
specifi i ' ' =Si i ' criod and
representativeness.

This ségction describes these requirements on the used operational data and its treatment, the process|of how to
verify {he used meteorology, and the related uncertainties.

Like wind measurements, production data should span a time period of at least 12 months and be ayailable at
least as monthly or daily data. Information on availability and operation mode is indispefisable. The use|of 10min-
Scadal|data allows a deep analysis and, if needed, more accurate filtering or correction of data. In thig way, the
most realistic operational energy production can be determined and compared.te the modelled energy yield for
this tutbine. At the same time, uncertainties related to the available production-data can be kept low. Therefore,
Scadaldata is to be preferred against data with lower temporal resolution;,

Similaf to wind measurements, production data have to be long-term.correlated. Best practice for the [long-term
correlgtion is the derivation of time series of production from reanalysis or other long-term wind data (fombining
wind speed time series with power curve) and/or the application(of production indexes on a monthly hasis or at
higher|temporal resolution. Depending on the calculation approach either the operational data or the wind data
must e long-term adjusted.

The flgw conditions at the sites of the reference wind‘turbines, which production data are used to verify the wind
conditions, must be representative for the prospective wind turbines. In this context “representative” means the
referemce turbine and the prospective turbine sheuld have a similar wind regime which has to be demonstrated in
terms pf the wind speed and wind direction statistics. Therefore, terrain characteristics in terms of qrographic
compléxity, elevation and roughness conditions as well as expected thermal conditions should ble similar.
Regarging turbine type specifications, the operational reference and prospective planned wind turbines|should as
well bg similar in terms of the power per.square meter rotor area and hub height.

High reliability of both the production data and the information on the operation modes of the turbine willldecrease
uncertginties and will lead to more reliable results of the assessment. The data base should comprisg monthly
produgtion and availability.data as the minimum information. Daily or 10 min SCADA data will reduce the
uncertginty.

The dg¢termination efthe free wind conditions is required for better comparison with wind-based assessments and
for a dorrect assessment of the site suitability parameters. In order to determine the free wind cond|tions, the
operatjonal data-must be corrected for loss factors.

Both, {ime’ series and statistic (frequency distribution) wind data can be used to create the free wind ¢onditions

i ti f th ield
and the-estimation-of the energy vield.

In the following paragraphs the requirements are defined, the verification process is described and influencing
factors for the uncertainties come in.

13.1 OEPR Verification Process

Long-term correlated production data are used to verify and, if necessary, adjust the modeled wind field, i.e. they
are compared to the modeled production of the same wind turbine type with the same hub height at the same
site. The application of this verification process includes the following steps:
1. The OEPR data must be corrected regarding availability. The uncertainty decreases with increasing
temporal resolution. If no availability is available, an availability of 98% shall be assumed and applied,
while uncertainty is increased.
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The OEPR-data must be long-term adjusted, if not yet covering a long-term relevant period. The
methodology for the adjustment depends on the temporal resolution.

Losses that apply to the operated wind farms must be added to the measured and long-term adjusted
energy yields. An exemption of this rule is the wind farm wakes calculation, which is considered in the
modeling part. This results in gaining a gross wind farm production, which is needed to determine the
undisturbed wind speeds at the site and to compare gross modeled energy yield with gross operational
yield.

If SCADA data and metering data at the grid connection point were available, they should be compared
to avoid any inconsistency.

It is preferred to have operational data of reference wind turbines of several neighboring wind farms. They

S © e N O

should represent the area of the planned wind farm in more than one direction. The results of thg analyzed
wind farms should be combined for comparison of the data and scaled such that a minimum’upcertainty
results for the calculated energy yield at the wind turbine under consideration. The same-applies to the
combined use of data from reference wind turbines and wind measurements. Using pperational data of a
single reference wind turbine or wind farm without further verification opportunities generally Idads to an
increased uncertainty.

The driving wind data for the flow model shall be chosen such that wind distributions are similar to the
site of the planned wind turbines.

The driving wind data for the flow model shall be scaled such that the gress energy yield of the [reference
wind farms is met.

The energy yield of the planned wind turbines is calculated usingihe scaled wind data
Losses of the planned wind turbines are determined
Uncertainties of the planned wind turbines are calculated:

Requirements on production data from operational wind turbines

The reference wind turbines must be sufficiently fepresentative for the wind farm area (defingd here as
the area covered by the planned wind turbines). The suitability of the reference wind turbings is site-
specific and is determined by the wind flow..eomplexity (roughness, in particular forests, drography,
elevation and thermal conditions) and their’distance to the regarded site. It must be assuref that the
adopted flow model is appropriate for the site under consideration.

The static data of the reference wind turbines is required. It includes geographic coordinates, turpine type,
hub height and neighboring wind turbines.

Production data should be available with time period of at least 12 months covering all seasonalvariations
of a year. 12 consecutive months with high availability are preferred because that might leadl to lower
uncertainties.

The data must be available for every single turbine.

The data must have-monthly resolution or higher.

the following information should be available for analyzing:

Operational. mode (e.g. noise reduced mode during nights)

Temporalavailability

All less.causing regulation (bat restrictions, shadow, sector management, grid limitation etc.)

. Any_change in the layout of the analyzed wind farm (new turbine, forestry cutting, etc.) during| analyzed

pefiod, including the exact time of the change.

12.

13.3

. Power curve and ct-values. Using a power curve that has been measured in the windfarm is preferred for

the energy calculations.

If the simulation of the wind potential and the estimation of the energy yield were based on time series,
the operational production data should comprise hourly data on production and availability as the
minimum information.

Uncertainty of the OEPR Verification Process

This section is defining the process of assessing the uncertainty of operational data. This assessment replaces
one of the site measurement data uncertainties within the combined uncertainty assessment.
Assessing the uncertainty of verification process comprises the consideration of several sub-categories which are

listed and described below:


https://iecnorm.com/api/?name=cfba43de23c08c2f3e0af25df2ba1468

3664
3665
3666
3667
3668
3669
3670
3671
3672
3673
3674
3675
3676
3677
3678
3679
3680
3681
3682
3683
3684
3685
3686
3687
3688
3689
3690
3691
3692
3693
3694
3695
3696
3697
3698
3699
3700
3701
3702
3703
3704
3705
3706
3707
3708
3709
3710
3711
3712
3713
3714
3715
3716
3717
3718
3719
3720
3721
3722
3723
3724

IEC N

P 61400-15-2 © IEC 2024 103 88/1038/NP

e  Production data quality and integrity

Production data may have different sources from high resolution SCADA data including status log information
to data bases with monthly yield data and availability. The overall uncertainty of the data adopted for the
verification process shall take the following sub-components into account:

o Availability and quality of Operational Reports
o Availability and quality of SCADA documentation
o  Energy production assignable to individual wind turbine
o  Data Quality
= Detection and elimination of erroneous data
= Temporal resolution (monthly, daily, hourly, 10 or 15 minutes)

Un
of t

apf
be

Infd
for
The

Wh
ung
evy

n Taoamnoraloranaraatic availahilify,
Femporaler-energetic-availability
Length of data period
Point of measurement (wind turbine / Grid connection point)
Class of Uncertainty of the metering equipment
Correction concerning availability
o Reliability of information
o Detail of information (restrictions, varying operation modes, availability of infor|
neighboring turbines ...)
o Review of all losses and connected uncertainties~according to sect
performance

e  Wind data (wind direction and k)
ertainty of wind direction distribution and k-factor must be asseSsed. This should be done usin
he reference wind turbines with high temporal resolution or of@ -wind measurement in the surrg
rox. 50 km in comparable terrain can be used. If such a validation is not possible an uncertainty of
bpplied for the wind data uncertainty.

e  Operation mode and Losses
rmation on the operation mode is of importance to\properly perform the verification process and f
osses of the reference turbines. More detailed description can be found in the section of Plant Per;
uncertainty of the operation mode component comprises the following sub-components:
o Turbine interaction
Availability
Electrical Efficiency
Environmentallosses
Curtailments

O O O O

e  Turbine performance

En in operation, wind turbines may show a different performance from the one which would be
er standard test conditions. More detailed description can be found in the section of Plant Perforn
luate the uncertainty related to turbine performance the following must be considered:

o+ Sub-optimal wind farm performance

o  Generic power curve adjustment

o site specific power curve adjustment

o  hysteresis (high wind, ...)

mation on

on plant

) the data
unding of
... should

0 account
ormance.

measured
hance. To

® Representativeness of reference wind turbine for planned wind turbine

The reference turbine(s) has (have) to be representative for the planned wind turbines (see above for
explanation of representativeness). The difference in hub height between the reference wind turbine and the
prospected turbine directly also influences the uncertainty. The uncertainty components are

o  wind turbine type (rated power, rotor diameter, technology)

o Reference wind farm array (Wakes and Blocking, informative)
o Vertical extrapolation in each reference wind farm

o Horizontal extrapolation in each reference wind farm

¢ Long-term Adjustment

The long-term adjustment comprises uncertainty components similar to those for the long-term adjustment of
wind measurements except that here the long-term data source consists of time series of power production. In
case a production index is applied for the long-term correlation the uncertainty of this index has to be accounted

for.

The quantification of uncertainty if long term adjustment is described in the section of Historical Data.
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14 Vertical Extrapolation Uncertainty

The present methodology to calculate vertical extrapolation uncertainty is limited to:
Vertical extrapolation of wind speed (e.g., mean wind speed, Weibull-scale parameter, or reference wind
speed) from one height to another. Vertical extrapolation of distribution shape (e.g., Weibull-k), wind
direction, and turbulence intensity are not considered here.

The methodology assumes independence of vertical extrapolation uncertainty from other uncertainties,
i.e. no correlation with horizontal extrapolation, long-term corrections, etc. It is also assumed that vertical
extrapolation uncertainty is random and normally distributed (Gaussian), allowing combination with other
uncerfainties and consistent with the Central Limit Theorem. It is recommended to use the appropriate
measyrement levels that represent the desired calculated variables (hub height wind spe€d, eguivalent
rotor wind speed or shear profile across the rotor)4. Heights are specified as height above’ground level
over land; over water, the height definition should be specified, e.g. above mean sea-evel (MJL).

For thle following three methods of vertical extrapolation, the vertical extrapolation uncertainfy can be
accounted for as described in XX:

1.| application of power law profile modelling;
2.| application of profile-based and/or linearized wind flow modelling including surface roughness;
3.| application of RANS (Reynolds-Averaged Navier Stokes) solvers for wind flow modelling.

14.0 |Power law profile modelling

The mean wind shear exponent (a), defined through the power law'wind profiled

V() = V(z,) - [Zi]a (14-1

where
V is the mean wind speed, expressed in meters per second [m/s].
z is [he predicted height, expressed in\meters [m].
z, is the reference height, expressed’in meters [m].

a is the shear exponent that governs the rate of change of mean wind speed over height, expressed as
unjtless parameter

The shear exponent can be related most directly as

dv/dz

— 14-2
@ V/z (

We specify use of a mean a to vertically extrapolate mean wind speed V, allowing for frequency-weighted

meang. We\begin by assuming measurements covering an integer number of years, with later
modification” allowable for using monthly means or diurnal/hourly groupings.

Starting for the simplest case of two measurement heights (z;,z,), the centered, theoretically ‘exact’
formulation (2) is compatible with the commonly used practical form of calculation,

[V (2,)/V ()]
RS TYCNZD

Wind shear exponents are assumed to be calculated via (3), using wind speeds averaged over a fixed
time interval (standard is 10 minutes; but it can range anywhere from 1 minute up to 30-minutes). These

(14-3)

4 Data from measurement levels at a significant distance from the hub or rotor height(s) may lack significance for the purpose
of this standard, and may subsequently be discarded; in such cases, the reasons for selection of measurement levels shall
be stated by the user.

5 The shear exponent here is meant for vertical extrapolation, distinct from that used for site suitability and loads calculations.
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