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1 EXECUTIVE SUMMARY

The Hollandse Kust (zuid) Wind Farm Zone (WFZ) is located in the Dutch Sector of the North Sea,
approximately 22 km from the coastline. As part of the tender preparations, the Netherlands Enterprise
Agency (Rijksdienst voor Ondernemend Nederland, RVO.nl) has requested a wind investigation of wind
farm sites (WFS) I to IV of the Hollandse Kust (zuid) Wind Farm Zone. DNV GL was assigned to validate
those wind studies.

2 CERTIFICATION SCHEME

The following codes and standards are applied:

Document No. Title
DNVGL-SE-0190:2015-12 Project certification of wind power plants

The wind speeds and directions will be evaluated based on section 2.3.2 Site Assessment of DNVGL-SE-
0190.

By fulfilling the requirements in DNVGL-SE-0190, the Site Assessment Requirements listed in

IEC 61400-22:2010-05 Wind turbines - Part 22: Conformity Testing and Certification

are also fulfilled.

3 LIST OF REPORTS

The appendix to this report comprises the detailed DNV GL certification reports which include reference
standards/documents, list of design documentation as well as summary and conclusion of the DNV GL
evaluation.

APPENDIX Revision Subject
A 0 Wind Investigations

4 CONDITIONS

No conditions have been identified.

5 OUTSTANDING ISSUES

There are no outstanding issues.

6 CONCLUSION

DNV GL find that the wind properties as defined in the documents listed in appendix A are derived in line
with the requirements following section 2.3.2 of the DNVGL-SE-0190 for establishing site assessment.

The properties estimated are:

a. Wind roses
b. Wind distributions
c. Long-term mean wind speed at 100m above MSL

The long-term mean wind speed is estimated to 9.44m/s at the center of Hollandse Kust (zuid) Wind
Farm Zone.
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APPENDIX A
Wind Investigations

Evaluation of Wind Speed Investigations for Hollandse Kust (zuid)
Wind Farm Zone, Wind Farm Sites I, 11, III and IV

A1l Description of verified component, system or item

Within the wind farm area wind speeds have been estimated. The results and the found site conditions
are documented by the customer and build the basis for the verification of the current report.

A2 Interface to other systems/components:

Currently, no interfaces to other systems/components are present.

A3 Basis for the evaluation

Applied codes and standards:

Document No. Title
DNVGL-ST-0437:2016-11 Loads and site conditions for wind turbines
IEC 61400-3:2009-02 Wind Turbines - Part 3: Design requirements for offshore wind turbines

A4 Documentation from customer
List of reports:

Document No. Revision Title

HKZ_20170918_ECOFYS_Combined 3 Hollandse Kust (zuid) Offshore Wind Farm Zone
WRA_VO3_F issued 2017-09-18 Combined Wind Resource Assessment

Excel sheets 2017-09-11 20170911_CAL_RVO_Wind Climate_HKZ0_v1.0

20170911_CAL_RVO_Wind Climate_HKZ1_v1.0
20170911_CAL_RVO_Wind Climate_HKZ2_v1.0
20170911_CAL_RVO_Wind Climate_HKZ3_v1.0
20170911_CAL_RVO_Wind Climate_HKZ4_v1.0

A5 Evaluation Work

/1/ presents the wind climate assessment for the planned Hollandse Kust (zuid) Offshore Wind Farm
Zone. The assessment has been based on combined use of offshore wind measurements and mesoscale
model data.The main outcome of the /1/: The long-term mean wind speed at a hub height of 100 m MSL
at the center of the zone has been determined to be 9.44 + 0.37 m/s (+ standard deviation) the variation
from the zone center is about £0.1m/s.

This assessment is based on two assessments:

The Offshore Windpark Egmond aan Zee (OWEZ) 70 m met mast data have been used as the primary
sources for the first wind assessment (WRA1), due to the proximity to the Hollandse Kust (zuid) Zone
and low overall uncertainty of the wind measurements. The extrapolation from (OWEZ) to the Hollandse
Kust (zuid) Offshore Wind Farm Zone is based on the EMD-ConWx mesoscale model.

A second wind resource assessment (WRA2) was commissioned following a 12-month on-site floating
LiDAR campaign. The wind speed measurements of the HKZB buoy are the primary source for this
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assessment. Wind measurements from the Lichteiland Goeree platform are selected as the long-term
reference.

The results of the two wind resource assessments differ only slightly, with a 0.5% difference in the mean
wind speeds at 100 m MSL. Also, the uncertainty of both assessments is comparable. Since the
calculations are largely independent, the two results may be combined based on inverse-variance
weighting.

The evaluation has been supported by the following other Dutch North Sea offshore wind measurements
taken at

¢« Meteomast IJmuiden.

*  Europlatform

 LiDAR (Lot-1) at Borssele offshore windfarm zone.
« Floating LiDAR at HKZA offshore windfarm zones

DNV GL has reviewed

¢ Measurements
« Mesoscale model
¢« Long Term Correction

and has found the documentation to be correct.

Furthermore, DNV GL has compared the wind speeds presented in /1/ with in-house knowledge about
the ‘Design’ and ‘Measured Wind’ on existing Belgian and Dutch offshore wind farms, and has found that
9.44 m/s long-term mean wind speed including + 0.37 m/s (* standard deviation) can be agreed on.

The wind speeds are to be used for design and energy assessment of future offshore wind farms.

It has been checked that the ‘wind distribution and wind roses’ used in the Metocean study presented in
/1/ are aligned.

A6 Conditions to be considered in other certification phases

No conditions have been identified.

A7 Outstanding issues

There are no outstanding issues.

A8 Conclusion
DNV GL find that the wind properties as defined in the documents listed in section A4 are derived in line
with the requirements following section 2.3.2 of the DNVGL-SE-0190 for establishing site assessment.

The properties estimated are:

a. Wind roses
b. Wind distributions
c. Long-term mean wind speed at 100m above MSL

The long-term mean wind speed is estimated to 9.44m/s at the center of Hollandse Kust (zuid) Wind
Farm Zone.
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Disclaimer

1. This report has been produced using industry standard models and information available at the
date of this report. This report does not imply that these standard models nor this information
is not subject to change, which may occur and may influence the conclusions and accuracy of
the findings of this report.

2. Ecofys WTTS always recommends basing the wind climate calculations on on-site wind
measurement campaigns to guarantee the highest accuracy and lowest uncertainty in the
calculation. If such data is not available, Ecofys WTTS bases its characterisation of the local
wind climate on the best available wind speed data and/or on estimates thereof. The availability
and quality of such data directly impacts the quality and uncertainty of the calculations. Ecofys
WTTS accepts no liability for any loss or damage suffered by the client and/or third parties
stemming from any conclusions based on data supplied by parties other than Ecofys WTTS and
used by Ecofys WTTS in preparing this report.

3. Ecofys WTTS accepts no responsibility or liability for the consequence of this document being

used for a purpose other than the purposes for which it was commissioned. The responsibility
for the use of the findings and the results in the analysis remains with the Client.
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Samenvatting

Dit rapport beschrijft het windklimaat op basis van 2 aparte studies voor de geplande Hollandse Kust
(zuid) Wind Farm Zone. Deze studie is gebaseerd op het gecombineerde gebruik van offshore meetmast
data, mesoschaal data en boei-gemonteerde LiDAR windmeetcampagnes.

De eerste studie, eerder gerapporteerd als WRA1 [25], is gebaseerd op de metingen van de 70 m hoge
offshore meetmast bij Offshore Windpark Egmond aan Zee (OWEZ). Deze vormden de basis van dat
onderzoek, geselecteerd op de basis van de laagste onzekerheid in de windmetingen, inclusief
horizontale extrapolatie naar de Hollandse Kust (zuid) Wind Farm Zone. De extrapolatie is gedaan op
basis van het EMD-ConWx mesoschaal model. Dit model was geselecteerd op basis van validatie tegen
vier offshore meetmast datasets. Vervolgens zijn gedetailleerde analyses van het windklimaat
uitgevoerd, die laten zien dat alle eigenschappen van het uiteindelijk afgeleide windklimaat
representatief zijn voor een locatie in dit deel van de Nederlandse Noordzee en dat de eigenschappen
consistent zijn op alle gemodelleerde hoogtes.

Een tweede studie (WRA2) is uitgevoerd op basis van een 12-maanden boei-gemonteerde LiDAR
windmeting. De metingen van de HKZB boei, met een paar gaten gevuld op basis van nabij gelegen
HKZA-boei data, vormen de basis van deze studie. Windmetingen van Lichteiland Goeree zijn
geselecteerd als lange termijn referentie.

Gedetailleerde analyses van de berekende windklimatologie zijn uitgevoerd op de gemodelleerde
hoogtes, welke goed overeenkomen met de karakteristieken van de windmetingen op andere offshore
wind locatie in het Nederlandse deel van de Noordzee.

De resultaten van de twee studies komen goed overeen, met slechts een 0.5% verschil in de
uiteindelijke berekende lange termijn windsnelheid op 100m. Ook de onzekerheid in beide studies is
vergelijkbaar. Aangezien de berekeningen voor het overgrote deel onafhankelijk van elkaar mogen
worden beschouwd, kunnen de resultaten van de twee worden gecombineerd op basis van ‘inverse-
variance weighting’. Het resultaat is een lange termijn windsnelheid op 100m in het centrum van de
Hollandse Kust (zuid) locatie van 9.44 + 0.37 m/s (* standaard deviatie). Voor 4 locaties binnen de
Hollandse Kust site worden de resultaten gepresenteerd: de variatie tussen deze locaties is erg klein,
+0.1m/s. De uiteindelijke windsnelheidsverdeling over de site is te zien op de kaart op bladzijde 6.
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Executive Summary

This report describes two assessments of the offshore wind climate for the Hollandse Kust (zuid) Wind
Farm Zone in the Dutch North Sea. The assessments are based on the combined use of offshore wind
measurements and mesoscale model data.

The Offshore Windpark Egmond aan Zee (OWEZ) 70 m met mast data forms the basis of the first wind
resource assessment (WRA1, initially reported separately [25]), based on the proximity to the wind
farm site and the overall low uncertainty of the wind measurements, including the horizontal
extrapolation to the Hollandse Kust (zuid) Wind Farm Zone. The extrapolation is based on the EMD-
ConWx mesoscale model, which was selected based on a validation using multiple offshore measured
wind datasets.

A second wind resource assessment (WRA2) was commissioned following a 12-month on-site floating
LiDAR campaign. The wind speed measurements of the HKZB buoy (with some gaps filled based on the
co-located HKZA buoy) are the primary source for this assessment. Wind measurements from the
Lichteiland Goeree platform are selected as the long-term reference.

Detailed analyses of the calculated wind climate were carried out across the modelled heights, showing
good comparisons of the analysed trends with measurements at other offshore sites in the Dutch North
Sea.

The results of the two wind resource assessments differ only slightly, with a 0.5% difference in the
mean wind speeds at 100 m MSL. Also, the uncertainty of both assessments is comparable. Since the
calculations are largely independent, the two results may be combined based on inverse-variance
weighting, to result in long-term mean wind speed at 100 m MSL at the Hollandse Kust (zuid) Wind
Farm Zone centre 9.44 * 0.38 m/s (* standard deviation). Results are presented within the report
for the centres of the four sites; the variation from the zone centre is about £0.1m/s, as seen in the
map below.
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1 Introduction

1.1 Goal of the study

The Dutch Government has defined three offshore wind farm zones for the planned deployment of
3,500 MW new offshore wind power, as agreed upon in the Energy Agreement. The second zone to be
tendered (in two phases) is Hollandse Kust (zuid), with an expected capacity of 1,400 MW. The zone
will be divided into four sites.

In December 2016, Ecofys WTTS prepared a preliminary wind resource assessment for the Hollandse
Kust (zuid) Wind Farm Zone, for RVO.nl (hereafter, “"WRA1"” [25]). Several offshore wind measurement
datasets were evaluated for suitability as the primary data source for the wind resource assessment.
One year of wind measurements (07/2005-06/2006) at 70 m at the OWEZ met mast was selected,
based on the proximity to the wind farm site and the overall low uncertainty of the wind measurements,
including the horizontal extrapolation to the Hollandse Kust (zuid) Wind Farm Zone. The extrapolation
was based on the EMD-ConWx mesoscale model, which was selected based on a validation using
multiple offshore measured wind datasets (as described in Appendix C, D & E).

In June 2016, RVO.nl began an on-site wind measurement campaign using two floating LiDARs. Since
the publication of the preliminary report, the floating LiDAR datasets now consist of a one-year period
of wind measurements (06/2016-06/2017). RVO.nl has commissioned a second wind resource
assessment (“WRA2"), based on those LiDAR datasets, and long-term correction using other
measurements and/or mesoscale model data.

1.2 Scope

The scope of this wind resource assessment report is clearly defined by RVO.nl:

e This Ecofys WTTS report describes the mean wind climate at 100 m. Mean wind speeds
are also calculated at other heights. This information is intended for wind farm modelling, yield
assessments and business case calculations for offshore wind farms to be developed in the
Hollandse Kust (zuid) Wind Farm Zone.

As described in Appendix G, a metocean desk study for the wind farm zone, including a metocean
database, has independently been performed by DHI for RVO.nl [20] [33], with a separate scope,
clearly defined by RVO.nl:
e The DHI report describes the normal and extreme wind conditions. This includes
turbulence intensity, extreme wind speeds and wind shear. This information is intended for
wind farm design.

1.3 Methodology

There are several offshore wind measurements available in the Dutch North Sea, which are suitable for
a wind resource assessment study for Hollandse Kust (zuid).
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The following approach has been followed for both wind resource assessments (WRA 1 and WRA?2):

1. A detailed analysis of available datasets from offshore measurement locations identifies the
highest quality primary data sources.

2. Several secondary data sources are compared, for long-term correction and horizontal
extrapolation to the site; this includes offshore measurements and mesoscale models.

3. The wind farm wind climate is calculated based on the identified data sources, including
corrections to hub height, to be representative of the long-term and to include the horizontal
gradient.

4. The wind climate is compared to metocean analyses of the Hollandse Kust (zuid) Wind Farm
Zone, commissioned by RVO.nl, and three public offshore wind atlases.

5. A comprehensive uncertainty assessment is presented.

Finally, the results of the two wind resource assessments are compared and a combined wind climate
is calculated. The calculated wind climate is analysed in detail, and several key results and trends are
highlighted.

1.4 Structure of the report

Chapter 2 presents the wind measurement datasets from the offshore met masts and compares
relevant trends, for WRA1. The subsequent wind climate calculation is described in Chapter 3, with a
detailed assessment of the wind speed uncertainty, and a verification against other sources.

The additional wind measurements for WRA2 are presented in Chapter 4, with the wind climate
calculation in Chapter 5

Chapter 6 describes the characteristics of in the wind climate at the Hollandse Kust (zuid) Wind Farm
Zone, based on the results of WRA1 and WRA2. The combined results of WRA1 and WRA2 are shown

in Chapter 7. Conclusions are presented in Chapter 8.

The results of WRA1 have previously been published [25] as a separate report. Chapters 2 and 3, and
Appendix B to E, remain unchanged from that earlier report.
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2 WRA1l: Wind Measurements

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25], except for minor clarifications.

Ecofys WTTS has analysed wind measurement data from four offshore met masts, two co-located
LiDARs and the Borssele and HKZB floating LiDARs. These measurements are used together with
mesoscale model data to characterise the wind climate for the Hollandse Kust (zuid) Wind Farm Zone.
The measured datasets are described in detail, including all data processing, and their suitability is
assessed as a primary data source and for use in the validation of different mesoscale models, as
detailed in Appendix D and E.

The measurement locations are shown in Figure 1, and the measurement campaigns are summarised
in Table 1, in terms of the measurement setup, duration and distance from shore. The datasets were
thoroughly analysed to verify the data quality. Further details are provided in the following sections.
Appendix B shows which periods of measured data were filtered and the resulting monthly data
recovery rates for the primary measurement height.

Table 1: Characteristics of wind measurement locations

Measurement Distance from Distance Measurement Measurement .
location coast [km] LG type duration Height [m]
centre [km] ypP
Mast 13 years 29.1 m MSL
Europlatform 42 64 62, 90-290 m MSL
LiDAR 0.4 years !
(every 25 m)
Mast 13 years 38.3 m MSL
Lichteiland Goeree 17 55
62, 90-290 m MSL
(L.E. Goeree) LIDAR 1.6 years ’

(every 25 m)

Offshore Windpark

Egmond aan Zee 15 39 Mast 1 year 21,70, 116 m MSL
(OWEZ)
27,58,85,92 m
Meteomast Mast 4 years
LAT
IJmuiden 82 73
90-315 m LAT
(MM1J) LiDAR 4 years

(every 25 m)

Borssele Lot 1
30, 40-200 m MSL

Floating LiDAR 33 98 Floating LiDAR 1 year
(every 20 m)
(Lot-1)
HKZA Floating . . 30, 40-200 m MSL
) 26 4 Floating LiDAR 0.3 years
LiDAR (every 20 m)
HKZB Floating 30, 40-200 m MSL
26 4 Floating LiDAR 0.3 years
LiDAR (every 20 m)
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Figure 1: Map of Hollandse Kust (zuid) Wind Farm Zone with offshore wind measurement locations.
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Five other measurement datasets were considered and excluded from this analysis due to lack of
representativity for the site. Oosterschelde, Vlakte van de Raan and Wandelaar are all closer to shore,
and Westhinder and K13 are significantly further away from the site. Therefore, these datasets are not
described further in this report.

2.1 Europlatform

Europlatform is located 42 km due west of the port of Rotterdam. Two anemometers are mounted at
top of a 10 m met mast at the eastern edge of a helicopter landing pad, as seen in Figure 2. The
measurement height is 29.1 m above sea level. The mast setup and measurement protocols are well
documented [1] [2], with key details summarised below.

Figure 2: Europlatform [source: Schero, 2013]

The cup anemometers are presumed to be Mierij Meteo 018, manufactured for Koninklijk Nederlands
Meteorologish Instituut (KNMI, Royal Netherlands Meteorological Institute). KNMI is responsible for
calibrations and quality control. Rijkswaterstaat (RWS, Dutch Ministry of Infrastructure and the
Environment) is responsible for operations and data collection, as part of the Meetnet Noordzee
programme since the early 1980s. RWS is also responsible for initial processing before data is sent to
KNMI for further processing and storage. The raw measurement data has been stored by KNMI since
April 2003. This raw data has been acquired by Ecofys WTTS for this analysis. It was received by email
as a text file.

Erroneous data is marked as -999 by KNMI and was excluded from the analysis. In addition, Ecofys
WTTS filtered the wind speed and direction data for frozen measurements and other visible errors. In
particular, there were repeated wind vane issues, especially before May 2003, and a few month-long
periods of missing data in 2014 and 2015. The filtered data periods are shown in Appendix B. The
overall data availability of wind speed records is over 94%.
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Since the measurement height is only 10 m above the platform, it is likely that the wind flow is disturbed
and that the measurements are affected. The magnitude of these effects cannot be quantified based
on the available data.

The Europlatform dataset is summarised in Table 2.

Table 2: Europlatform dataset
Europlatform

Measurement type Offshore mast
Measurement heights 29.1 m MSL

Location [UTM ETRS89 Zone 31] 518,948 mE / 5,760,963 m N
Distance from coast 42 km

Distance from zone centre 64 km

Measurement period 01/04/2003 - 31/03/2016 (13 years)
Measurement interval 10-minute

General description, 2001 [1]

Documentation
Mast drawings [2]

Traceable instruments No details of calibration or maintenance

Availability of valid wind speed data 94.3%

As part of a separate wind measurement campaign, managed by ECN, a ZephIR ZP300 LiDAR was
installed on the Europlatform platform, and began recording data in May 2016. The wind speed and
direction is recorded at ten heights every 25 m from approximately 90 to 290 m above sea level.

Raw data was received from ECN as a CSV file and filtered for periods with low data recovery rates.
Data availability is about 87.5% at all heights, with better data recovery in summer 2016, and poor
recovery (63%) in October 2016. The filtered data periods are shown in Appendix B. The Europlatform
LiDAR dataset is summarised in Table 3.
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Table 3: Europlatform LiDAR dataset
Europlatform LiDAR

Measurement type

ZephIR ZP300 LiDAR

Measurement heights

62, 90, 115, 140, 165, 190, 215, 240, 265,
290 m MSL

Location [UTM ETRS89 Zone 31]

518,948 m E/ 5,760,963 m N

Distance from coast

42 km

Distance from zone centre

64 km

Measurement period

30/05/2016 - 31/10/2016 (0.4 years)

Measurement interval

10-minute

Documentation

None

Traceable instruments

Validation report [3]

Availability of valid wind speed data

87.5% at all heights

The quality of the LiDAR data is high, although it is only considered as a secondary source for this
analysis due to the relatively short measurement period and the lack of documentation.

2.2 Lichteiland Goeree

Lichteiland Goeree is an offshore platform that is also located west of the port of Rotterdam. Two
anemometers and two wind vanes are at the top of a 16 m met mast, located at the northern corner
of a platform 22.5 m above sea level (for a total measurement height of 38.3 m), as shown in Figure

3.
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Figure 3: Lichteiland Goeree [sources: Vem Bouwkundig en Civieltechnisch Adviesbureau, left;
NAPNAM Publishing & Consulting, 2012, right]

The Lichteiland Goeree met mast measurement campaign is also part of the Meetnet Noordzee network,
so mast setup, data acquisition and processing is similar to Europlatform. Raw measurement data from
2003 to 2016 was received from KNMI and filtered for frozen measurements and other visible errors.
Data availability is high, with only 1.3% rejected data. The filtered data periods are shown in Appendix
B. The Lichteiland Goeree met mast dataset is summarised in Table 4.

Table 4: Lichteiland Goeree mast dataset

Lichteiland Goeree mast ‘

Measurement type Offshore mast
Measurement heights 38.3 m MSL

Location [UTM ETRS89 Zone 31] 545,876 m E/ 5,752,029 m N
Distance from coast 17 km

Distance from zone centre 52 km

Measurement period 01/04/2003 - 31/03/2016 (13 years)
Measurement interval 10-minute
Documentation Gener;;zltefjigevtii:;é ?2]01 [1]
Traceable instruments No details of calibration or maintenance
Availability of valid wind speed data 98.7%
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As part of a separate wind measurement campaign, managed by ECN, a WindCube V2 LiDAR was
installed on the Lichteiland Goeree platform in October 2014. The wind speed and direction is recorded
at 40 m above the platform height (equivalent to 62 m above sea level) and at nine heights every 25
m from 68 to 268 m (equivalent to 90-290 m above sea level).

Raw data was received from ECN as a CSV file and filtered for a minimum 80% data availability per
10-minute period (based on the LiDAR manufacturer’s recommendations for data quality control). Data
availability decreases with measurement height, with 1-3% excluded data for heights up to 165 m,
above which it significantly increases up to 25% excluded data at 290 m. There was no measured data
between May 2015 to August 2015. There are also several days of missing data in April 2015 and
September 2015. The filtered data periods are shown in Appendix B. The Lichteiland Goeree LiDAR
dataset is summarised in Table 5.
Table 5: Lichteiland Goeree LiDAR dataset

Lichteiland Goeree LiDAR ‘

Measurement type Windcube V2 LiDAR
Measurement heights 62, 90, 115, 140, 165, 190, 215, 240, 265,
9 290 m MSL

Location [UTM ETRS89 Zone 31] 545,876 m E / 5,752,029 m N
Distance from coast 17 km
Distance from zone centre 52 km
Measurement period 17/11/2014 - 31/10/2016 (1.9 years)
Measurement interval 10-minute
Documentation None
Traceable instruments Validation report [5]

A o 74% at 62, 90, 115 & 140 m;
Availability of valid wind speed data decreasing to 34% at 290 m

The availability of concurrent wind measurements from the mast and LiDAR allows for a cross-validation
of the two independent data sources. There is no common measurement height, but it is possible to
extrapolate the LiDAR wind measurements to the met mast height of 38 m, using the measured shear
profile (hourly power law exponents).

The two datasets show excellent correlation over the first 20-months of operation of the LiDAR
(R2=0.95) and a linear relationship (slope = 0.98), as shown in the scatter plot in Figure 4. This gives
a good indication that the cup anemometry measurements are accurate, without significant flow
distortions due to the platform. No additional filtering is required for the mast or LiDAR data.
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Figure 4: Comparison of 38 m mast and 38 m extrapolated LiDAR wind speeds at Lichteiland Goeree

The quality of the LIiDAR data is high, although it is only considered as a secondary source for this
analysis due to the relatively low data availability and the lack of documentation.

2.3 OWEZ

A 116 m met mast was erected in mid-2005 at the site of the OWEZ wind farm, one year prior to its
construction. The met mast has measurement levels of 21, 70 and 116 m (MSL); it is shown in Figure
5. Data from the first year of operation is considered, since in later years, the measurements are
disturbed by the constructed wind farm.

Figure 5: OWEZ mast [source: Noordzeewind]
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The data processing for OWEZ was done by Mierij Meteo. ECN has checked and published the data, as
well as extensively documented the met mast, datasets and processing details in publicly available
documents [6] [7]. In the context of the Monitoring and Evaluation Programme connected to the wind
farm, the measurement datasets are publicly available. The data is provided as CSV files.

The OWEZ met mast is a fully dedicated met mast for the purpose of performing accurate wind speed
measurements in close alignment to IEC standards. There are three booms with Mierij Meteo 018 cup
anemometers at each height, allowing for the selection of relatively undisturbed instruments. However,
comparisons between the instruments has shown that there remain some tower shadow effects,
particularly at lower heights. All sensors were calibrated in accordance with MEASNET; with calibration
certificates available upon request. ECN states that accuracy of the data should be within 95% [6].

The data is manually checked by ECN for consistency, quality and out of range numbers. Missing or
corrupt data are subsequently reported in the raw data files as -99999 error code. This dataset is
provided, along with a processed time series of wind speed and direction, created by directional filtering
and selection between the multiple instruments at each height. All processing is described in two 6-
month reports.

Ecofys WTTS reproduced the single processed time series for each measurement height, with minor

adjustments to the ECN filters, in order to increase the data availability, as explained in Appendix B.
The OWEZ mast dataset is summarised in Table 6.

Table 6: OWEZ mast dataset

Measurement type Offshore mast
Measurement heights 21,70, 116 m MSL
Location [UTM ETRS89 Zone 31] 594,102 mE /5,829,389 m N
Distance from coast 15 km

Distance from zone centre 39 km

Measurement period 01/07/2005 - 30/06/2006 (1.0 year)
Measurement interval 10-minute

Mast design and data manual [6]

Documentation
Data filtering manual [7]

MEASNET calibrated anemometers; other

Traceable instruments instruments also calibrated; regular
maintenance by Mierij Meteo
Availability of valid data 85.7% at 116 m and 95.7% at 70 m
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2.4 Meteomast IJmuiden

ECN is also carrying out a wind measurement campaign at Meteomast IJmuiden, an offshore met mast
built in 2011, approximately 87 km west of Ijmuiden harbour. The mast is shown in Figure 6. Thies
First Class Advanced cup anemometers are mounted at heights of 21 m, 58 m and 92 m LAT, with
Metek USA-1 sonic anemometers at 85 m [8].

¥E recianali S

4

Figure 6: MMIJ mast (the floating LIDAR next to the mast is being tested and is not included in this study)
[source: RWE Innogy]

The design of the met mast and data processing techniques ensure high data quality. Flow distortion
due to the tower is minimised by installing anemometers on three different booms at each height (two
at the mast top). Each boom is pointing in another wind direction, so that data can be selected only
from relatively undisturbed sensors.

ECN verifies the data quality in several ways. The measurement computer checks sensor connection
and if recordings exceed minimum and maximum thresholds. Subsequently the data is checked
manually. Only valid data is kept in the provided raw data files. Missing values are indicated with
blanks.

Although derived wind speed and wind direction are calculated by ECN, based on similar directional
selection as for OWEZ, Ecofys WTTS recalculated these values using modified filters, as explained in
Appendix B. Ecofys WTTS also defined its own filters for the top measurement height, to average the
two anemometers, as the ECN procedure only details filters for levels with three anemometers. The
met mast dataset from Meteomast IJmuiden is summarised in Table 7.
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Table 7: Meteomast IJmuiden met mast dataset

Meteomast IJmuiden

Measurement type Offshore mast

Measurement heights 27,58, 85, 92 m LAT

Location [UTM ETRS89 Zone 31] 529,340 m E/ 5,855,469 m N

Distance from coast 82 km

Distance from zone centre 73 km

Measurement period 01/01/2012 - 31/12/2015 (4.0 years)

Measurement interval 10-minute

Documentation Mast setup and data manual [8]

Traceable instruments All instruments are calibrated according to
ISO 17025

Availability of valid data 99% at 92 m

A ZephlR ZP300 LiDAR is also installed on the mast platform, inside the mast, as shown in Figure 7. It
measures the wind at heights from 90 to 315 m LAT [8]. Although the ZephIR beam might be disturbed
by the met mast structure, disturbed data will be automatically filtered out of the dataset. No
documentation is available regarding data quality and data processing.

(s i~ - e N e 5 8

Figure 7: LiDAR located within the lattice structure of the Meteomast IJmuiden offshore met mast [source: ECN]

The raw LiDAR data files were obtained from ECN as CSV files. Ecofys WTTS filtered the data, according
to standard practices for a ZephIR LiDAR, as described in Appendix B. An additional filter was
implemented for LiDAR data during periods with high turbulence intensity, as measured by the met
mast, since significant deviations were found between the met mast and LiDAR wind speeds during
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those periods, but affecting only a small amount of data. The Meteomast IJmuiden LiDAR dataset is

summarised in Table 8.

Table 8: Meteomast IJmuiden LiDAR dataset

Measurement type

Meteomast IJmuiden

ZephIR ZP300 LiDAR

Measurement heights

90, 115, 140, 165, 190, 215, 240, 265,
290, 315 m LAT

Location [UTM ETRS89 Zone 31]

529,340 mE / 5,855,469 m N

Distance from coast

82 km

Distance from zone centre

73 km

Measurement period

01/01/2012 - 31/12/2015 (4.0 years)

Measurement interval

10-minute

Documentation

Mast setup and data manual [8]

Traceable instruments?

No details of validation or maintenance

Availability of valid data

88.4% at 90 m to 88.2% at 165 m

An inter-comparison of the wind speed measurements of the LiDAR at 90 m and the met mast at 92 m
showed excellent correlation (R2 = 0.99) and a linear relationship (slope = 1.00), as shown in Figure
8, indicating that overall there is no significant issue with either the top anemometry or the LiDAR.
There do remain some data points with significant deviation between the LIDAR and met mast
anemometry, but this affects only an estimated 0.1% of available data.
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Figure 8: Comparison of 92 m mast and 90 m LiDAR wind speeds at Meteomast IJmuiden

2.5 Borssele Floating LiDAR Lot-1

RVO.nl has placed two Fugro OCEANOR SEAWATCH Wind LiDAR Buoy (SWLB) in the Borssele Wind
Farm Zone (BWFZ), which provide meteorological and oceanographic data. The measurement
campaign of the buoy (Lot-1) positioned in the centre of the BWFZ started in June 2015. In November
2015 the second buoy (Lot-2) was installed close to the southern border of the BWFZ. Under the current
scope of work, only the wind data measured by the Lot-1 buoy is considered in the analysis because of
the availability of a longer measurement period.

The Lot-1 buoy with serial no. WS149 was first deployed at the BWFZ in the Dutch sector of the North
Sea on 11 June 2015. The type of LiDAR that was installed on the SWLB is a ZephIR 300S. Wind
measurements were recorded at 30m and 40m to 200m (at intervals of 20m). There is no measured
wind data from 6 October 2015 to 12 November 2015. The LiDAR on Buoy WS149 stopped working
from 26 December 2015 due to a technical problem. The buoy was recovered for repair on 19 January
2016 and replaced by the spare buoy WS157 which was deployed on 12 February 2016 [9].

The wind speed and direction data was received from ECN, as CSV files, and is already processed by

Fugro (including ZephlIR internal filters). No supplemental quality control has been applied by Ecofys
WTTS, in order to maintain the same conditions as the pre-campaign verification [10].
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Table 9: Borssele floatini LiDAR Lot-1 data set

Measurement type ZephIR 300S LiDAR

Measurement heights 30, 40, 60, 80, 100, 120, 140, 160, 180,
9 200 m MSL

Location [UTM ETRS89 Zone 31] 502,073 mE/ 5,727,672 m N

Distance from coast 33 km

Distance from zone centre 98 km

Measurement period 11/06/2015 - 22/10/2016 (1.3 years)

Measurement interval 10-minute

Setup, data manual and monthly data
reports [9]

Type-specific verification report, and
Ecofys WTTS uncertainty assessment [10]
[11] and pre-deployment validation of unit

[12]

Documentation

Traceable instruments

Availability of valid data 79.9% at all heights

2.6 HKZB Floating LiDAR

In summer 2016, RVO.nl has also commissioned two Fugro SWLB in the Hollandse Kust (zuid) Wind
Farm Zone. The two floating LiDAR buoys (HKZA and HKZB) are located relatively close together and
have measured over a concurrent period. Under the current scope of work, only the wind data measured
by the HKZB buoy is considered in the analysis because of slightly higher data availability.

The HKZB buoy with serial no. WS158 was deployed on 4 June 2016. The type of LiDAR that was
installed on the SWLB is a ZephIR 300S. Wind measurements were recorded at 30m and 40m to 200m
(at intervals of 20m). Further details of the buoy and dataset are given in Table 10.

The wind speed and direction data was received from ECN, as CSV files, and is already processed by
Fugro (including ZephlIR internal filters). No supplemental quality control has been applied by Ecofys
WTTS, in order to maintain the same conditions as the pre-campaign verification [10].

The quality of the data is high, although this will only serve as a secondary dataset, due to the short
measurement period. The measured wind shear from this dataset is compared in Chapter 4, with a
caveat about seasonal representation. However, the measured wind speeds and directions are not
directly compared, due to the seasonal bias of the limited period.
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Table 10: HKZB floatini LiDAR data set

Measurement type

ECOFYS

ZephIR 300S LiDAR

FU) wiND TURBIN

Measurement heights

30, 40, 60, 80, 100, 120, 140, 160, 180,
200 m MSL

Location [UTM ETRS89 Zone 31]

568,792 mE / 5,793,671 m N

Distance from coast

26 km

Distance from zone centre

4 km

Measurement period

04/06/2016 - 30/09/2016 (0.3 years)

Measurement interval

10-minute

Documentation

Setup, data manual and monthly data
reports [13]

Traceable instruments

Type-specific verification report, and
Ecofys WTTS uncertainty assessment [10]
[11] and pre-deployment validation of unit

[14]

Availability of valid data

99% at all heights

2.7 Uncertainty in wind speed measurements

E

The uncertainty in measurement accuracy has been assessed for each of the primary datasets (the four
met mast datasets and floating LiDAR Lot-1), in terms of instrument accuracy and mounting, as well
as data quality and processing, as shown in Table 11.

The LiDARs at Lichteiland Goeree, Europlatform, and Meteomast IJmuiden and the HKZB floating LiDAR
are considered as secondary sources, based on the shorter datasets (for Lichteiland Goeree,
Europlatform and HKZB) and the lower data availability (for Lichteiland Goeree, Europlatform and

Meteomast IJmuiden). They are therefore not included in this assessment of uncertainties.

General descriptions of each source of uncertainty are given in Appendix H. More detailed descriptions
of the uncertainties are provided after the table. Each uncertainty is assumed to be independent of the
others and represented as a Gaussian distribution, so the total uncertainty is calculated as the root-

sum-square of all uncertainties.
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Table 11: Uncertainties relating to wind speed measurements

Borssele
Uncertainty Lichteiland Meteomast floating
description Sl eI Goeree IJmuiden LiDAR
Lot-1
- Instrument accuracy 5.6% 5.6% 2.0% 2.0%
- Instrument mounting 2.0% 2.0% 2.5% 1.5% 3.2%
- Data quality 1.0% 1.0% 0.5% 0.5%
- Data processing 5.0% 5.0% 1.0% 1.0%
Total 7.8% 7.8% 3.4% 2.7% 3.2%

The accuracy of KNMI cup anemometers is within £0.5 m/s [1], which equates to about 5.6%
uncertainty for the wind climate at Europlatform and Lichteiland Goeree. The instrument accuracy is
higher for OWEZ and Meteomast IJmuiden since the instruments are calibrated and monitored by a
MEASNET institute.

The KNMI masts may experience flow distortions due to the platforms, but the instruments are mounted
at the top of masts, so there will be little tower shadow. The effects of tower shadow at the OWEZ mast
have been quantified in an ECN report [7]. There is a relatively large uncertainty due to instrument
mounting, since the booms are relatively short for the size of the mast, although effects are mitigated
by the use of a filtering protocol to select the least disturbed instruments. The uncertainty is lower for
Meteomast IJmuiden, since the top measurement height is taken as the primary reference, which is
relatively unaffected by tower effects.

The data availability of all datasets is high. However, a large uncertainty is attributed to data processing
for the KNMI masts, as no documentation is available regarding the measurement campaigns and data
is provided in a processed form that cannot be independently verified. The data provided by ECN for
OWEZ and Meteomast IJmuiden merits a lower uncertainty, since the masts are well documented and
all processing steps can be independently repeated by Ecofys WTTS. The data has been processed or
checked by a MEASNET institute (Meteomast IJmuiden and OWEZ respectively).

The wind speed uncertainty estimation for the Borssele Floating LiDAR Lot-1 has been estimated based
on the floating LiDAR uncertainty assessment study performed by Ecofys WTTS for RVO.nl [11]. The
value shown in the Table 11 considered all the relevant components (classification, mounting,
verification) of uncertainty along with site specific wind distribution.

2.8 Data selection

The quality of the datasets from all four masts and Borssele floating LiDAR is sufficient for use in the
mesoscale model validation described in Appendix D and E.
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The OWEZ mast data forms the primary basis of this wind resource assessment, based on the proximity
to the wind farm site and the overall low uncertainty of the wind measurements, including the horizontal
extrapolation to the Hollandse Kust (zuid). The complete uncertainty table for all the five measurement
locations have been provided in Table 85 of Appendix E. The wind speed measurements at the mast
are extrapolated to hub height, then corrected to the long-term and extrapolated horizontally to the
Hollandse Kust (zuid) Wind Farm Zone, based on mesoscale reference data. This procedure is described
in the next chapter. Additional details of the measurement campaign are provided in Appendix A,
including any deviations from best-practice.

2.9 EMD-ConWx mesoscale model

In addition to the measured wind data, a mesoscale model is used in the calculation of the Hollandse
Kust (zuid) wind climate. Several different models were validated by comparing modelled time series
with wind measurements from the four offshore masts (as explained in detail in Appendix D and E).
Based on this validation exercise, the EMD-ConWx mesoscale model was selected for use in this wind
resource assessment. The characteristics of the mesoscale model time series are presented in Table
12.

Table 12: Characteristics of mesoscale model time series

Mesoscale Model Parameters Measuremeflt Feriod Heights [m]
(Duration)

Wind speed, wind
direction, temperature, 01/01/2000 -
. 2,10, 25, 50, 75, 100, 150,
EMD-ConWx pressure, relative 01/08/2016
- 200 m (MSL)
humidity (16.6 years)
(hourly)

An hourly time series of wind data was acquired from EMD-ConWx for the five measurement locations,
as well as five available grid points covering the Hollandse Kust (zuid) Wind Farm Zone, as shown in
Figure 9 (coordinates in Table 13).
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Figure 9: EMD mesoscale grid points within Hollandse Kust (zuid) Wind Farm Zone

Table 13: Grid point coordinates for EMD-ConWx grid points

EMD-ConWx grid Coordinates
points [UTM ETRS89 Zone 31]
HKZ0 572,946 m E/ 5,796,057 m N
HKZ1 568,763 m E / 5,802,672 m N
HKZ2 566,856 mE /5,792,633 m N
HKZ3 568,995 m E/ 5,785,988 m N
HKZ4 577,036 mE /5,796,119 m N
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3 WRA1l: Wind Climate Calculation

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25], except for minor clarifications.

The preceding analysis of offshore measurement datasets identified that the OWEZ offshore met mast
represents the most suitable primary source for this wind resource assessment (see Section 2.8). In
order to quantify the on-site wind climate at the Hollandse Kust (zuid) Wind Farm Zone, several
calculations are necessary:

1. Extrapolation from measurement height to hub-height

2. Long-term correction and extension from 1 years of measurements to a 16-year period

3. Extrapolation from the measurement location to the Hollandse Kust (zuid) Wind Farm Zone.

These calculations are described in the next sections, with the results and estimated uncertainty of
each step.

3.1 Hub-height wind speed

First, the measured wind speeds are extrapolated to a height of 100 m (approximately hub height).
The average shear component is calculated for a matrix of wind direction bins and hours of the day
(see Table 67 in Appendix B). The quality-controlled measurement dataset from the 70 m measurement
height are then extrapolated using Windographer, for each time step based on the respective matrix
value. The 70 m dataset is used in all further analyses due to the higher data availability; the 116 m
wind measurement dataset may be slightly seasonally-biased as it is missing one entire month of data.

The uncertainty in vertical extrapolation is estimated based on sensitivity tests of different shear
profiles.

The calculated mean wind speed at 100 m height, and the associated uncertainty in vertical
extrapolation is shown in Table 14.
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Table 14: Extrapolation of wind speed measurements to heiiht of 100 m

. 01/07/2005 -
Selected measurement period 01/07/2006
Measurement height 70m
Data availability [%] 95.7%
Measured mean wind speed at measurement
] 8.65
height [m/s]
Resulting mean wind speed at 100 m
8.96
[m/s]
Relative difference of 100 m and 70 m [%] +3.6%
Estimated uncertainty in vertical
. 0.3%
extrapolation [%]

3.2 Long-term mean wind speed

The OWEZ wind measurements were extended by means of a Measure-Correlate-Predict (MCP)
procedure with a long-term mesoscale dataset. The MCP method analyses the relationship between the
short-term measured wind speed and direction data and concurrent data from a nearby reference (in
this case the EMD-ConWx mesoscale data from the co-located grid point). This statistical relationship
is used to predict and synthesise site data to long-term data. The synthesised data extends the time
series and fills gaps, but does not replace measured data.

A period of 16 years (2000-2015) of mesoscale data is used, based on a balance of two considerations:

1. Industry guidelines recommend 15-20 years of reference data to minimise the uncertainty in
long-term correction methods [15];

2. The EMD-ConWx mesoscale model uses ERA-Interim reanalysis data as the global boundary
dataset. The ERA-Interim dataset is calculated for the period of 1979 to present, based on a
consistent model. However, the amount of observations included in the model varies over time,
with significant increases in satellite data and wind profiler data added since 1998-2002 [16].
For this reason, there could be discontinuities in the ERA-Interim dataset for relatively longer
periods (earlier than 1998-2002).

The datasets were first compared within Windographer. A number of different statistical algorithms
were tested, by using one half of the measured data to predict the data for the remaining half, then
comparing the errors in the prediction. The lowest error (~+0.1 m/s bias) was found following the
‘Total Least Squares’ method with 12 sectors. This a method of correlating target and reference speed
data that minimizes the orthogonal distance to the line of best fit in order to generate the predicted
wind speed data [17].

The correlation between the short-term and long-term datasets is good (hourly sector-weighted R2 =
0.78 for wind speeds and R2 = 0.90 for wind directions, as shown in Figure 10). The short-term mast
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measurements show similar wind roses and frequency distributions as the long-term EMD-ConWx

modelled data, as shown in Figure 11.
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Figure 10: Scatter plots of OWEZ mast measurements with EMD-ConWx modelled data during the overlapping
period from July 2005 to June 2006: wind speed (left) and wind direction (right)
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Figure 11: Comparison of OWEZ mast measurements with EMD-ConWx modelled data during the overlapping
period from July 2005 to June 2006: wind rose (left) and frequency distribution (right)
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As a result of the long-term correction, the mean wind speed at a 100 m increases to 9.4 m/s (note:
these results do not include extrapolation to the site), as seen in Table 15.

Table 15: Loni-term extraiolation of OWEZ wind sieed measurements

100 m

Measurement height (extrapolated

from 70 m)
Short-term mean wind speed [m/s] 8.96
(07/2005 - 06/2006) '
Long-term corrected mean wind speed [m/s] 9.35
(2000-2015) :
Relative difference of long-term and short-term [%] +4.4%
Estimated uncertainty in MCP [%] 0.7%

The uncertainty in the MCP procedure can be estimated using the jack-knife estimate of variance, which
is considering the variability of results when subsequent subsets of the data are removed from the
analysis [18]. Thus, the long-term correction is repeated with identical settings, with datasets with
two-month sections removed, leading to six independent estimates of the long-term wind speed. Based
on this assessment, the estimated uncertainty in the MCP procedure is 0.07 m/s, or 0.7%. This is
reflected in the wind speed uncertainty calculations in Section 3.5.

3.3 Extrapolation to Hollandse Kust (zuid) Wind Farm Zone

The EMD-ConWx mesoscale data also shows the horizontal wind speed gradient between the OWEZ
measurement location and the Hollandse Kust (zuid) Wind Farm Zone. A correction factor is derived
between the relative difference in mean wind speeds between the mesoscale modelled wind speeds at
the Hollandse Kust (zuid) Wind Farm Zone centre grid point (HKZ0) and the grid point nearest to the
measurement location. This factor is used to extrapolate the long-term hub-height wind climate to the
Hollandse Kust (zuid) Wind Farm Zone, as shown in Table 16.

The uncertainty in horizontal extrapolation is estimated by means of a cross-prediction exercise
between the five measurement locations (see Appendix E).
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Table 16: Horizontal extraiolation of wind sieed measurements

100 m (extrapolated from

Measurement height 70 m)

Long-term mean wind speed at measurement
location [m/s]

Relative difference of mean wind speeds in
mesoscale model, between Hollandse Kust (zuid) +1.2%
centre and measurement location

Calculated long-term mean wind speed at
Hollandse Kust (zuid) centre [m/s]
Estimated uncertainty in horizontal extrapolation
[%]

9.35

9.46

1.0%

A similar horizontal extrapolation calculation was repeated for each of the EMD-ConWx mesoscale grid
points within the Hollandse Kust (zuid) Wind Farm Zone, in order to determine the variation in wind
speed across the zone. These results are presented in Figure 23 in the next chapter.

3.4 Comparisons

The calculated wind climate at Hollandse Kust (zuid) is compared to several other sources. A number
of independent scientific studies of the Dutch offshore wind climate has previously been performed.
Moreover, the results will be compared with a RVO.nl-commissioned metocean analyses of the
Hollandse Kust (zuid) Wind Farm Zone [20].

3.4.1 Other wind measurements

As described in Appendix E, the wind climate at the Hollandse Kust (zuid) Wind Farm Zone is also
calculated using the wind measurements from Europlatform, Lichteiland Goeree, Meteomast IJmuiden
and Borssele floating LIDAR Lot-1 as shown in Table 17. These results can be directly compared to the
results from OWEZ met mast (explained in more detail in Table 18 and Table 19). While the uncertainty
in these other estimates is higher, the calculated mean wind speeds are similar, with four of the five
independent results showing 9.4-9.6 m/s.

Table 17: Calculated mean wind speed at Hollandse Kust (zuid) and the associated uncertainty, using the other
wind measurements as the primary source.

: . Borssele
Lichteiland Meteomast

Europlatform floating

Goeree IJmuiden
LiDAR Lot-1

Calculated mean wind

speed at 100 m at the
Hollandse Kust (zuid) 9.6 + 0.9 9.7 £ 0.9 9.5 + 0.5 9.6 + 0.5 9.4 £ 0.6

and the associated

uncertainty [m/s]
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3.4.2 Offshore wind atlases

First, the results have been compared to the ECN offshore wind atlas for the Dutch North Sea [19]
which was calculated in 2004 and 2011. The primary differences between the two datasets are the
different reference periods (1997-2002 and 2003-2009) and a different estimation of sea surface
roughness (dependent on wind-speed only in 2004 and including also waves in 2011). The estimated
standard deviation in the modelled wind speeds is 0.20 m/s and 0.42 m/s for 2004 and 2011
respectively, according to ECN [19].

According to the ECN wind atlases, the average wind speed at 90 m at the centre of the Hollandse Kust
(zuid) Wind Farm Zone is around 9.7 m/s (2004 version) and 9.0 m/s (2011 version), as shown in
Figure 12 and Figure 13 respectively. The two ECN wind atlas estimates differ by 0.7 m/s, so it is
difficult to compare directly with the calculated wind climate.

Mean Wind Speed at the Netherlands' Exclusive Economic Zone (NEEZ)
Period: 1997 - 2002
Height: 90 m above mean sea level

m/s

14-116
1.2-114
1.0-11.2
10.8-11.0
106-10.8
104-106
10.2-104
10.0-10.2
9.8-100
96- 9.8
94- 96
B 92 94

- 12-miles boundary

) 100
[N |

kilometres

Copyright (c) 2004 by Energy research Centre of the Netheriands, Petten, the Netherlands

Figure 12: Hollandse Kust (zuid) and the ECN offshore wind atlas (2004 version) [source: ECN [19]]
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Figure 13: Hollandse Kust (zuid) and the ECN offshore wind atlas (2011 version) [source: ECN [19]]

Another offshore wind atlas was prepared by NORSEWInD, an EU project which combined offshore
LiDAR measurements, mesoscale model data and satellite-derived wind speeds into a GIS-enabled wind
atlas. The wind atlas shows a 100 m mean wind speed of about 9.3 m/s at the Hollandse Kust (zuid)
Wind Farm Zone centre, as shown in Figure 14 with a reported uncertainty of 0.25 m/s. The mean
wind speed calculated by Ecofys WTTS in this current study is about 0.2 m/s higher than this
NORSEWIND estimate. The wind atlas was validated against the FINO met masts in Germany and an
offshore LiDAR in Belgium, but it is not known whether any Dutch datasets were included.
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Figure 14: Long-term corrected mean wind speed at 100 m for Hollandse Kust (zuid), as calculated by the EU
project NORSEWInD

Hollandse Kust (zuid) Wind Farm Zone wind speed was also checked with the KNMI (KNW) offshore
wind atlas. Figure 15 shows the plot of Hollandse Kust (zuid) Wind Farm Zone over the KNMI (KNW)
offshore wind atlas map. The wind atlas shows a 100 m mean wind speed between 9.2 m/s to 9.6 m/s

at the Hollandse Kust (zuid) Wind Farm Zone.
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Figure 15: Hollandse Kust (zuid) over the KNMI (KNW) offshore wind atlas

Although the reported uncertainty for each wind atlas is relatively low, it should be noted that the
predicted wind speeds at the Hollandse Kust (zuid) Wind Farm Zone show a range of modelled wind
speeds between 9-9.7 m/s. While there is variation between the wind atlases, they are roughly in line
with the Ecofys WTTS calculated wind climate at the Hollandse Kust (zuid) Wind Farm Zone, within the
uncertainty margin.

3.4.3 Other studies of Hollandse Kust (zuid)

Two other studies of the Hollandse Kust (zuid) Wind Farm Zone have been commissioned, that both
contain an assessment of the wind climate:

e An assessment of the energy yield and wake effects for the future Hollandse Kust (zuid) wind
farms and the three existing offshore wind farms, performed by ECN for the Ministry of
Economic Affairs [23]

e A metocean desk study for the wind farm zone, including a metocean database, performed by
DHI for RVO.nl [20]
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The ECN calculation of the wind climate is based on the HiRLAM numerical weather prediction model.
This is a similar basis as the dataset used to create the ECN Offshore Wind Atlas, shown in Figure 13,
although the report indicates that the HiRLAM data is now also modified based on correlation with the
measurements from Meteomast IJmuiden from 2012-1013. The presented mean wind speed (omni-
directional) at a height of 100 m is 9.03 m/s (Table 3, [23]).

This mean wind speed is about 4.5% lower than the wind speed calculated for this report. It is worth
noting that the scope of the two studies is different. The ECN report is a higher-level scoping analysis,
applying a relatively simple wind resource assessment, intended as a starting-point for relative
comparisons of yield and wake losses, whereas this analysis is a detailed assessment of the wind
resource, based on datasets with the lowest combined uncertainty. In that context, it is reasonable
that the two estimates deviate, based on the uncertainty of the underlying datasets. The results
presented in this report are more accurate and more thoroughly explained.

The DHI metocean desk study shows similar normal wind conditions to this study, with an annual
average wind speed at 100 m of 9.5 m/s [20]. The DHI study has been more extensively compared
with the results of this study, as described in Appendix G, based on analysis by Ecofys WTTS and DHI.

3.5 Uncertainty in wind speed

The combined uncertainty in the calculated long-term wind speed at 100 m at Hollandse Kust (zuid) is
shown in Table 18. The uncertainty definitions are given in Appendix H, and explained in Sections 3.1,
3.2 and 3.3.

to the long

Table 18: Combined uncertainties relating -term 100 m wind speed at Hollandse Kust (zuid)

Uncertainty description

- Instrument accuracy 2.0%
- Instrument mounting 2.5%
- Data quality 0.5%
- Data processing 1.0%
- Vertical extrapolation 0.3%
- Horizontal extrapolation 1.0%
- Long term representation 1.5%
- MCP 0.7%
- Mesoscale model distribution 3.1%
Total 5.0%

The uncertainties relating to wind statistics include instrument accuracy and mounting, as well as data
quality and processing. The accuracy of the anemometers and the effects of tower shadow at the OWEZ
mast have been quantified in an ECN report [7]. The instrument accuracy is high since the instruments
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are calibrated and monitored by MEASNET institutes (DEWI and ECN respectively). There is a relatively
large uncertainty due to instrument mounting, since the booms are relatively short for the size of the
mast, although effects are partly mitigated by the use of a filtering protocol to select the least disturbed
instruments. The data availability for the 70 m measurements is high. The mast is also well documented
and all processing steps can be independently repeated by Ecofys WTTS. The data is checked by a
MEASNET institute, justifying a relatively low uncertainty for data processing.

The total uncertainty in instrument accuracy, instrument mounting, data quality and data processing
is 3.4%, in line with the statement of OWEZ that accuracy should be within 5% [7].

The vertical extrapolation is based on the measured shear profile at OWEZ. The uncertainty in this
extrapolation depends on the source measurement height of OWEZ mast and is estimated based on a
sensitivity test, using different shear profiles.

The uncertainty in horizontal extrapolation is low considering the results of the mesoscale model
validation in Appendix E. The analysed offshore wind measurements support an increased wind speed
further from shore (see Appendix E); Hollandse Kust (zuid) is located 20-34 km from shore, compared
to 15 km for the OWEZ mast. The mesoscale model shows a modest increase of 1.2%, which also
supports a relatively low uncertainty. Therefore, the uncertainty in horizontal extrapolation is estimated
to be 1.0%.

The long-term representation is based on the 16-year duration of the mesoscale dataset. An additional
uncertainty of 0.7% is added to account for the long-term correlation (MCP) procedure, as described
in Section 3.2.

Finally, an estimate of the uncertainty in the EMD-ConWx mesoscale model is derived from the
distribution tests of the mesoscale model validation, described in Appendix D. This statistic is based on
a comparison of OWEZ 70 m wind measurements against EMD-ConWx model wind data for the same
period from the nearest grid point and measurement height.

3.6 Hollandse Kust (zuid) wind climate

This detailed analysis of the five offshore wind measurement datasets, together with the validation in
Appendix D and E, has shown that the quality of the OWEZ wind measurements and EMD-ConWx
mesoscale data are appropriate for this wind resource assessment. The combined use of these datasets
leads to a robust assessment of the wind climate at Hollandse Kust (zuid) Wind Farm Zone, with a
relatively low uncertainty in wind speed. All of the findings are found to be reasonable and in expected
ranges for an offshore site in the Dutch North Sea and furthermore are consistent across the modelled
heights.
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The calculated long-term mean wind speed at the Hollandse Kust (zuid) Wind Farm Zone is shown in
Table 19, along with the associated uncertainty in terms of wind speed. The wind climate is investigated
in further detail in the next chapter.

Table 19: Calculated mean wind speed at Hollandse Kust (zuid) and the associated uncertainty

Hollandse Kust

(zuid)

Calculated mean wind speed at Hollandse Kust

(zuid) at 100 m and the associated uncertainty 9.46 * 0.47

[m/s]

For symmetrical distributions, the mean wind speed can be expressed as the P50 value (the value that
will be exceeded with a probability of 50%). It is also common to use the P90 value (the value that will
be exceeded with a probability of 90%), or other exceedance probabilities (Pxx). Assuming a Gaussian
distribution of the results, the different exceedance probabilities can be calculated as a function of the
uncertainty calculated above, as shown in Table 20.

Table 20: Mean wind speed at 100 m at the Hollandse Kust (zuid) centre, for different probability levels

Exceedance

probability Mean wind speed at 100 m [m/s]
P90 8.86
P80 9.07
P70 9.22
P60 9.34
P50 9.46
P40 9.58
P30 9.71
P20 9.86
P10 10.07
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4 WRA2: Wind Measurements

Ecofys WTTS has analysed wind measurement data from the two on-site floating LiDARs. These
measurements are used together with long-term reference data, to characterise the wind climate for
the Hollandse Kust (zuid) Wind Farm Zone. Several long-term references were also extended to cover
more recent periods. The datasets are described in detail, including all data processing, and their
suitability as primary or secondary sources is assessed for this wind resource assessment.

Appendix B shows which periods of measured data were filtered and the resulting monthly data
recovery rates for the primary measurement height.

4.1 Short-term measurements: HKZA and HKZB Floating LIDAR campaigns

In summer 2016, RVO.nl has also commissioned two Fugro SEAWATCH LiDAR Buoys (SWLB) in the
Hollandse Kust (zuid) Wind Farm Zone. The two floating LiDAR buoys (HKZA and HKZB) are located
relatively close (about 2 km apart) together and have measured over a concurrent period.

The measurement locations are shown in Figure 1 (on page 4), and the measurement campaigns are
summarised in Table 21, in terms of the measurement setup, duration and distance from shore. The
datasets were thoroughly analysed to verify the data quality. Further details are provided in the
following sections.

Table 21: Characteristics of wind measurement locations
Distance from

Measurement Distance from Measurement Measurement
. zone centre .
location coast [km] type duration
[km]
) 30, 40-200 m
HKZA Floating . .
. 26 4 Floating LiDAR 12 months MSL
LiDAR
(every 20 m)
. 30, 40-200 m
HKZB Floating . .
. 26 4 Floating LiDAR 12 months MSL
LiDAR
(every 20 m)

4.1.1 HKZA description

The HKZA buoy with serial number WS149 was deployed on 4 June 2016. The type of LiDAR that was
installed on both SWLB’s is a ZephIR 300S. Wind measurements were recorded at 30 m and 40 m to
200 m (at intervals of 20 m). Further details of the buoy and dataset are given in Table 22.

Buoy service operations were carried out at the HKZA location from 30 October to 1 November 2016
[13].
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e Buoy WS149 was recovered on 30 October 2016, and the replacement buoy WS140 was put in
the water on the same day.

¢ A new experimental water level recorder with acoustic communication to the buoy was deployed
on 30 October 2016 at the same location as the buoy WS140.

e Due to a broken connection for the transmission of wind profile data, the buoy WS140 was
recovered for fault correction on 31 October 2016, and redeployed after repair on 1 November
2016.

Buoy WS140 at HKZA drifted from the position on 4 December 2016. The buoy was redeployed
approximately 600 m from the original position on 6 December 2016. The impact of this minor change
in position has been evaluated and it is expected to have negligible consequences to the wind
measurements [26].

On 2 February 2017, buoy WS140 was swapped for buoy WS156, because the transmission of data
was disrupted since 30 January 2017.

The transmissions from HKZA (buoy WS156) stopped on 12 February 2017, at 15:50. The buoy was
recovered on 18 February 2017, and after it was forced to restart it was redeployed at the same position
on the same day at 10:40.

The buoy WS156 was separated from its mooring at HKZA, probably caused by a trespassing vessel,
on 25 April 2017 shortly after 01:00. The spare buoy, WS140, was deployed at the HKZA location on
2 May 2017 at 18:00. No data were collected form the LiDAR at HKZA during the period 25 April 2017
01:00 until 2 May 2017 18:00.

The buoy WS140 transmitted data with gaps in May 2017. In many cases, the first 10-minute

measurement of the hour was not transmitted. According to Fugro, the cause of this issue could be the
change of a data transmission parameter for raw data transmission.
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Measurement type

ECOFYS

ZephIR 300S LiDAR

WIND TURBIN

Measurement heights

30, 40, 60, 80, 100, 120, 140, 160, 180,
200 m MSL

Location [UTM ETRS89 Zone 31]

568,793 m E/ 5,795,664 m N

(from 04/06/2016 until 30/10/2016): buoy WS149

Location [UTM ETRS89 Zone 31]

(from 30/10/2016 until 04/12/2016): buoy WS140 >68,793 m E /5,795,664 m N
Location [UTM ETRS89 Zone 31]

(from 04/12/2016 until 02/02/2017): buoy WS140 >69,092m E /5,796,203 m N
Location [UTM ETRS89 Zone 31]

(from 02/02/2017 until 25/04/2017): buoy WS156 >69,092m E/ 5,796,203 m N
Location [UTM ETRS89 Zone 31]

(from 02/05/2017 until 05/06/2017): buoy WS140 >69,092m E /5,796,203 m N
Distance from coast 26 km

Distance from zone centre 4 km

Measurement period

05/06/2016 - 05/06/2017 (1 year)

Measurement interval

10-minute

Documentation

Setup, data manual and monthly data
reports [13] [27] [28]

Traceable instruments

Type-specific verification report, and
Ecofys WTTS uncertainty assessment [10]
[11] and pre-deployment validation of
units [29] [30] [31]

Availability of valid data

89.5%

4.1.2 HKZB description

E

The HKZB buoy with serial no. WS158 was deployed on 4 June 2016. The type of LiDAR that was
installed on the SWLB is a ZephIR 300S. Wind measurements were recorded at 30 m and 40 m to 200
m (at intervals of 20m). Further details of the buoy and dataset are given in Table 23.

Refuelling of buoy WS158 at location HKZB was carried out on 26 November 2016. The buoy was
recovered and transported to Scheveningen Port where the refuelling and service was carried out. After
completion of the service the buoy was transported back to the HKZB location the same day.

The LiDAR at HKZB experienced a power outage on 25 March 2017 at 16:00 due to lack of fuel. The
buoy was retrieved on 31 March 2017 and redeployed at the same position on 1 April 2017 at 16:00

after being refuelled.
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Table 23: HKZB floatini LiDAR dataset

Measurement type ZephIR 300S LiDAR
Measurement heights 30, 40, 60, 80, 100, 120, 140, 160, 180,
g 200 m MSL

Location [UTM ETRS89 Zone 31] 568,792 m E / 5,793,671 m N

buoy WS158

Distance from coast 26 km

Distance from zone centre 4 km

Measurement period 05/06/2016 - 05/06/2017 (1 year)
Measurement interval 10-minute

Setup, data manual and monthly data
reports [13] [27] [28]
Type-specific verification report, and
Ecofys WTTS uncertainty assessment
[10] [11] and pre-deployment validation
of unit [14]

Documentation

Traceable instruments

Availability of valid data 95.0%

4.1.3 HKZA and HKZB Floating LiDAR data

The accuracy of the floating LIiDAR data is confirmed by a detailed type-specific verification against
Meteomast IJmuiden and pre-deployment validations of all buoys (see Table 22 and Table 23). DNV GL
stated that this type of floating LiDAR buoy formally qualifies for Stage 2 “pre-commercial” status, and
concluded “that the FO SWL Buoy system has demonstrated its capability to produce accurate wind
speed and direction data across the range of sea states and meteorological conditions experienced in
this trial” [10].

The wind speed and direction data was received as monthly CSV files, and is already processed by
Fugro (including ZephlIR internal filters). The wind measurements were supplied as raw measurements
(files named #_SDB_Fugro_WindResourceDataRaw_OKS_V#_Final.csv, or similar) and processed
datasets (files named #_SDB_Fugro_WindResourceSpeedDirectionTIStat_ OKS_V#_Final.csv, or
similar). The raw measurements show all samples within a 10-minute period, while the processed data
shows the 10-minute average statistics of wind speed, direction and turbulence intensity.

The data for June 2016 to May 2017 were published online by RVO.nl, together with explanatory reports
by Fugro, validation reports by Deltares and conformity statements by ECN [32].
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Ecofys WTTS has validated the calculated results in the processed datasets, by comparison with the
raw data. The results are mainly identical, although the comparisons led to the following conclusions,
for both buoys:

1. There are some periods where the wind speed and direction are recorded in the processed data,
but the raw data files show no valid data during the same 10-minute period. These data points
are present since September 2016, but are primarily found since February 2017. The data
points are identified in the processed data by filtering for periods where the TI is NaN (not a
number) while there are speed and direction values.

Fugro has explained that the raw data and turbulence data are sent as separate messages from
processed 10-minute averages. There are occasional transmission errors for the raw data that
are not there for the processed data, so the turbulence and raw data can have missing values
even if the processed data has values. These data gaps in the raw data are filled once data is
recovered directly from the buoy, rather than using the transmitted data (which forms the basis
for the datasets from February onwards). Fugro has informed Ecofys WTTS that data will be
recovered and disclosed for the full period, at a later date.

Based on the datasets available for this report, the affected data points have been excluded,
since they cannot be adequately traced to the raw data. This leads to a lower data recovery
rate from February to June 2017 than in other months, which could introduce a minor seasonal
bias.

2. The raw and processed datasets indicate the same time zone, but are found to be de-
synchronised by 10 minutes from June 2016 to January 2017, as well as in May and June 2017
and by 20 minutes in February, March and April 2017. Fugro has clarified that the timestamp
for the raw data is set at the beginning of the sample interval while the timestamp of the
calculated data on the buoy is set at the end of the sample interval, which can help explain the
10-minute difference. Fugro has informed Ecofys WTTS that the additional offset in February,
March and April 2017 was due to a manually-introduced offset in the raw data files, and that
revised raw data for these months will be disclosed by RVO.nl in September 2017. The de-
synchronisation may have a minor impact on the quality of regression relationship used in the
long-term correction.

3. The processed data is rounded with a resolution of about 0.059 m/s for wind speed and 0.35°
for direction. This is the data rounding applied by Fugro. This is expected to have a negligible
impact on the wind resource assessment.

In addition to the validation of the raw data, some wind direction measurements were filtered and
corrected. The ZephIR ZP300 LiDAR makes a precise optical measurement of the axis of the wind, but
cannot determine which of the two possible wind directions to choose from based on the optical data
by itself. The floating LiDAR algorithm is able to make the determination, based on other sensors, but
there can be occasional errors. In order to validate the wind direction data, Ecofys WTTS compared the
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recorded wind direction with three concurrent references: the neighbouring floating LiDAR, the LiDAR
at Lichteiland Goeree (see Section 4.2.2) and EMD-ConWx mesoscale model data (see Section 4.2.3).
Ecofys inspected all data points where the wind directions deviate by more than 90° from the other
sources, and manually evaluated whether a 180° correction should be applied to the affected wind
direction measurements. This correction was applied to about 0.5% of the wind direction data for each
floating LiDAR.

The floating LiDARs are located about 10 km to the southwest of the Eneco Luchterduinen offshore
wind farm. Thus, the wind speed measurements will inherently include some wake losses for winds
from the northeast. The impact of these wakes is expected to be relatively minor (see Section 6.13 for
details), so the data has not been corrected or filtered.

The Ecofys WTTS quality control process, described above, found no major errors and excluded a
relatively small amount of data, leading to overall recovery rates of 90 to 95% for HKZA and HKZB
respectively, as shown in Table 24. Most of the excluded data is due to the data gaps in the raw data,
which Fugro has explained are due to transmission errors. The filtered data periods are shown in
Appendix F.

Since the periods with transmission errors are not the same for both buoys, it is therefore possible to
fill some of the missing gaps in HKZB with data from HKZA. This improved the overall data availability
to 98% for the gap-filled HKZB dataset.

The gap-filled dataset was created using the data from HKZB as primary source, due to its higher
recovery rate. The data gaps of HKZB were filled with the data of HKZA, when the latter was available.
During concurrent HKZA and HKZB periods, it was found that the measurements were in close
agreement, with a slope of 1.000 and offset of 0, between wind speed measurements at the two buoys.
Therefore, no scaling was applied to the HKZA data which was used for the gap filling.
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Recovery rate Recovery rate Recovery rate
1 ¢ 4. HKZB HKZB gap-filled
Wind speed at 100 m Wind speed at 100 m Wind speed at 100 m

Jun 2016%* 98.4% 99.9% 99.9%
Jul 2016 99.4% 100.0% 100.0%
Aug 2016 97.8% 100.0% 100.0%
Sep 2016 98.9% 100.0% 100.0%
Oct 2016 86.5% 99.7% 99.7%
Nov 2016 98.2% 99.8% 99.8%
Dec 2016 93.7% 99.4% 99.4%
Jan 2017 90.5% 99.2% 99.2%
Feb 2017 70.5% 92.3% 94.6%
Mar 2017 88.7% 73.3% 93.8%
Apr 2017 72.5% 86.0% 92.8%
May 2017 79.5% 92.0% 96.5%
Jun 2017%* 84.2% 87.9% 98.1%
Full period 89.5% 95.0% 98.0%

* incomplete months

A diurnal trend is observed in the data availability for HKZB, as shown in Figure 16. The filtered data
related to transmission errors are clustered around midnight, 8:00 and 16:00. There is about 20% less
data during those hours of the day. The gap-filling with HKZA replaces about a third of the missing
data. Since the filter for transmission errors primarily affects data since February 2017, there is less
data during this windier period, leading to a slight seasonal bias during those hours of the day, as
visible in Figure 17. Since the data availability during those hours is still high (nearly 90%) and the
overall data availability is 98%, this is expected to have a negligible effect on the calculated wind

climate.
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Figure 16: Diurnal data availability for HKZB, over 12-month measurements period
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Figure 17: Mean diurnal profile of wind speed for HKZB, showing slight dips during periods with lower data
availability (due to filtering for transmission issues)

4.1.4 Data selection

Ecofys WTTS has evaluated the floating LiDAR data for suitability as a primary source for this wind
resource assessment, in terms of traceability, completeness, quality and plausibility.

Ecofys WTTS concludes that the floating LiDAR dataset from HKZB, with gap-filling from the HKZA
dataset to improve availability, is suitable as a primary source, based on the following criteria:
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e The accuracy of the floating LIDAR measurements has been investigated in detail, including a
type verification by DNV GL and a detailed uncertainty quantification by Ecofys WTTS. DNV GL
has concluded that the SWLB has reached pre-commercial status [10] [11];

e Ecofys WTTS has significant experience with ZephIR ZP300 LiDARs (as mounted on the SWLB),
leading to a familiarity with the necessary filtering and a high confidence in the data;

e Pre-deployment validations were performed for all buoys, further demonstrating the
measurement accuracy [14] [29] [30] [31];

e The data availability is high over the full 12-month measurement period;

e Theintegrity of the data processed by Fugro has been analysed, by comparison to the published
raw data. Discussions with Fugro have helped explain any observed issues.

4.2 Long-term measurements

4.2.1 Europlatform
The Europlatform dataset is summarised in Table 25. The filtered data periods are shown in Appendix

B and F.

Table 25: Europlatform dataset

Europlatform

Measurement type Offshore mast
Measurement heights 29.1 m MSL

Location [UTM ETRS89 Zone 31] 518,948 m E / 5,760,963 m N
Distance from coast 42 km

Distance from zone centre 64 km

Measurement period 01/04/2003 - 01/07/2017 (14.3 years)
Measurement interval 10-minute

General description, 2001 [1]

Documentatio
cu ation Mast drawings [2]

Traceable instruments No details of calibration or maintenance

Availability of valid wind speed data 94.0%

The Europlatform LiDAR dataset is summarised in Table 26.

ESMWT17659 41





ECOFYS

A Navigant Company

WIND TURBINE
TESTING SERVICES

Table 26: Europlatform LiDAR dataset
Europlatform LiDAR

Measurement type

ZephIR ZP300 LiDAR

Measurement heights

62, 90, 115, 140, 165, 190, 215, 240, 265,
290 m MSL

Location [UTM ETRS89 Zone 31]

518,948 m E/ 5,760,963 m N

Distance from coast

42 km

Distance from zone centre

64 km

Measurement period

30/05/2016 - 15/06/2017 (1.0 years)

Measurement interval

10-minute

Documentation

None

Traceable instruments

Validation report [3]

Availability of valid wind speed data

95.1% at all heights

The quality of the LIDAR data is high, although the measurement period is too short to be used directly
as a long-term reference. However, the measured shear profile, shown in Figure 18, was used to
vertically extrapolate the mast measurements, as explained in the next section.

Power law exponent
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——Europlatform LiDAR

Figure 18: Directional shear profile, measured by LiDAR at Europlatform
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Extrapolation to 100 m

The long-term met mast wind speeds were extrapolated to a height of 100 m (assumed hub height for
this assessment), based on the shear measured by the LiDAR. The average shear component is
calculated for 12 wind direction bins. The quality-controlled measurement dataset from the 29 m
measurement height are then extrapolated using Windographer, for each time step based on the
respective directional shear value.

The calculated mean wind speed at 100 m height is shown in Table 27.

Table 27: Extrapolation of Europlatform wind speed measurements to height of 100 m
Europlatform
KNMI

. 05/06/2003 -
Selected measurement period 05/06/2017
Measurement height 29.1m
Data availability [%] 93.9%
Measured mean wind speed at measurement
. 8.72
height [m/s]
Resulting mean wind speed at 100 m
9.66
[m/s]
Relative difference of 100 m and 29 m [%] +10.7%

4.2.2 Lichteiland Goeree

The Lichteiland Goeree (LE Goeree) met mast dataset is summarised in Table 28. The filtered data
periods are shown in Appendix B and F.
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Table 28: Lichteiland Goeree mast dataset

Measurement type

Lichteiland Goeree mast

Offshore mast

WIND TURBINE
TESTING SERVICES

Measurement heights

383 m

Location [UTM ETRS89 Zone 31]

545,876 mE /5,752,029 m N

Distance from coast

17 km

Distance from zone centre

52 km

Measurement period

01/04/2003 - 01/07/2017 (14.3 years)

Measurement interval

10-minute

Documentation

General description, 2001 [1]
Mast drawings [4]

Traceable instruments

No details of calibration or maintenance

Availability of valid wind speed data

98.4%

The Lichteiland Goeree LiDAR dataset is summarised in Table 29.

Table 29: Lichteiland Goeree LiDAR dataset

Measurement type

Lichteiland Goeree LiDAR

Windcube V2 LiDAR

Measurement heights

62, 90, 115, 140, 165, 190, 215, 240, 265,

290 m MSL

Location [UTM ETRS89 Zone 31]

545,876 m E / 5,752,029 m N

Distance from coast

17 km

Distance from zone centre

52 km

Measurement period

17/11/2014 - 13/06/2017 (2.6 years)

Measurement interval

10-minute

Documentation

None

Traceable instruments

Validation report [5]

Availability of valid wind speed data

74% at 62, 90, 115 & 140 m;
decreasing to 32% at 290 m

The quality of the LiDAR data is high, although the measurement period is relatively short to be used
directly as a long-term reference. However, the measured shear profile, shown in Figure 19, was used
to vertically extrapolate the mast measurements, as explained in the next section. The measured shear
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profile is based on wind speed measurements up to a height of 140 m (in order to maximise data
availability).

Power law exponent
016

0.12

0.08

XY

0

——LE Goeree LIDAR

Figure 19: Directional shear profile, measured by LiDAR at Lichteiland Goeree
Extrapolation to 100 m
The long-term met mast wind speeds were extrapolated to a height of 100 m, based on the shear
measured by the LIiDAR. The average shear component is calculated for 12 wind direction bins. The
quality-controlled measurement dataset from the 38 m measurement height are then extrapolated

using Windographer, for each time step based on the respective directional shear value.

The calculated mean wind speed at 100 m height is shown in Table 30.
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Table 30: Extrapolation of Lichteiland Goeree wind speed measurements to height of 100 m
LE Goeree
KNMI

. 05/06/2003 -
Selected measurement period 05/06/2017
Measurement height 38.3 m
Data availability [%] 98.4%
Measured mean wind speed at measurement
; 8.70
height [m/s]
Resulting mean wind speed at 100 m
9.55
[m/s]
Relative difference of 100 m and 38 m [%] +9.7%

4.2.3 EMD-ConWx mesoscale model

The EMD-ConWx mesoscale model data was extended to the most recent date available (end April
2017), as shown in Table 31.

Table 31: Characteristics of mesoscale model time series
Measurement Period

Mesoscale Model Parameters (Duration) Heights [m]
Wind speed, wind
direction, temperature, 01/01/2000 -
. 2, 10, 25, 50, 75, 100, 150,

EMD-ConWx pressure, relative 30/04/2017
L 200 m (MSL)

humidity (17.3 years)

(hourly)

An hourly time series of wind data was acquired from EMD-ConWx for the five grid points from WRA1

(coordinates in Table 13), and for an additional grid point close to the positions of the HKZA and HKZB
floating LiDARs, as shown in Figure 20 and Table 32.
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Figure 20: EMD mesoscale grid points within Hollandse Kust (zuid) Wind Farm Zone, including HKZA/B

Table 32: Grid point coordinates for EMD-ConWx grid points
Coordinates
[UTM ETRS89 Zone 31]

EMD-ConWx grid
points

HKZA/B

568,856 m E/ 5,795,998 m N
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5 WRA2: Wind Climate Calculation

The preceding analysis identified that the HKZB floating LiDAR represents the most suitable primary
source for this wind resource assessment, with gap-filling from the HKZA dataset to improve
availability. The long-term correction of those on-site measurements is calculated using three potential
long-term references, as described in Chapter 4.

The calculation method for the site wind climate is similar to the method for WRA1, consisting of the

following steps:
1. Calculation of hub-height wind speeds
2. Long-term correction and extension from 1 years of measurements to a long-term period
3. Extrapolation from the measurement location within the Hollandse Kust (zuid) Wind Farm Zone.

5.1 Hub-height wind speed

The measured mean wind speed at 100 m MSL height (assumed hub height for this assessment) is
shown in Table 33. The dataset is described in more detail in Section 4.1.3.

Table 33: WRA2 HKZB Wind speed measurements to height of 100 m

Selected measurement period 05/06/2016 - 05/06/2017
Measurement height 100 m MSL

Data availability [%] 98.0%
Measured mean wind speed at 8.60
measurement height [m/s]

5.2 Long-term mean wind speed

The HKZB floating LiDAR wind measurement was extended by means of a Measure-Correlate-Predict
(MCP) procedure with the selected long-term mesoscale dataset. The MCP method analyses the
relationship between the short-term measured wind speed and direction data and concurrent data from
a nearby reference. This statistical relationship is used to predict and synthesise site data to long-term
data. The synthesised data extends the time series and fills gaps, but does not replace measured data.

Three potential long-term references were considered:
- Wind speed measurements at Europlatform, extrapolated to 100 m
- Wind speed measurements at Lichteiland Goeree, extrapolated to 100 m
- Modelled wind speeds at 100 m from the EMD-ConWx model (HKZA/B grid point)
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The Europlatform and Lichteiland Goeree datasets cover a 14-year measurement period (2003-2017),
while the EMD-ConWx period is 17 years (2000-2017). The 14-year reference period is slightly less
than industry guideline recommendations of 15-20 years of reference data to minimise the uncertainty
in long-term correction methods [15]. Ecofys deems that the 14-year period is acceptable, with minimal
additional uncertainty (as shown in Section 5.5).

The datasets were first compared within Windographer. A number of different statistical algorithms
were tested (as for WRA1), by using one half of the measured data to predict the data for the remaining
half, then comparing the errors in the prediction. The lowest error (~+0.1 m/s bias) was found following
the ‘Total Least Squares’ method with 12 sectors. This is a method of correlating target and reference
speed data that minimizes the orthogonal distance to the line of best fit in order to generate the
predicted wind speed data [17].

The correlation between the short-term and long-term datasets is very good (R2 > 0.8 for wind speeds
and R2 > 0.9 for wind directions, as shown in Table 34). All three reference datasets indicate that the
short-term measurement period was significantly below the long-term average wind climate, leading
to a long-term correction of +9.5 to +10.5%. As a result of the long-term correction, the mean wind
speed at a 100 m increases to about 9.4 m/s as seen in Table 34. It is important to note that this
comparison involves different overlapping period and long-term reference periods, due to differences
in the data; the results are presented in this way to focus on the similarity in the final result.

Table 34: WRA2 Long-term extrapolation of HKZB wind speed measurements
Long-term reference Europlatform LE Goeree EMD-ConWx

Comparison height 100 m MSL
Short-term mean wind speed [m/s] 8.60
(05/06/2016 - 05/06/2017) ’
. 05/06/2003 - 05/06/2003 - 01/05/2003 -

Long-term reference period 05/06/2017 05/06/2017 29/04/2017
Length of overlapping period between short- 12 months 12 months 11 months
term measurements and reference dataset
Data availability of reference dataset [%] 93.9% 98.4% 100%

— - P
Coefficient of determlnapon (R2) in wind 0.80 0.82 0.79
speed, hourly sector-weighted

o o N
C_oefﬂ_ment of determlnatlor_1 (R2) in wind 0.91 0.93 0.92
direction, hourly sector-weighted
Long-term corrected mean wind speed 9.51 9.44 9.41
[m/s]
Relative dlffelfence of long-term and short- +10.5% +9.7% +9.5%
term mean wind speed [%]
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5.2.1 Evaluation of long-term correction

All three reference datasets show that the average wind speed during the 12-month measurement
period for HKZB (06/2016 - 06/2017) was substantially below the long-term annual average (2004-
2016), leading to the long-term correction of +9.5 to +10.5%.

The 12-month moving average wind speeds for the three references are shown in Figure 21 (normalised
to 100% by their respective 2004-2016 long-term average)*. The measurement period for HKZB has
an average wind speed below even the lowest previous minima in 2010.

The low annual wind speeds can be further understood by comparing the monthly trends. All three
reference datasets indicate that 9 of the 12 months during the HKZB measurement period are below
the long-term average, as shown in Figure 22. The long-term monthly means are based on the three
long-term corrected time series using different reference datasets, as described in Table 34. This helps
to explain the large positive long-term correction.

The three long-term corrected datasets show similar long-term trends, both annually and monthly, as
reflected in Figure 21 and Figure 22 respectively.

120%
115%
110% ‘
105%
100%
95% ‘
90%
85%

80%
05-2004 05-2007 05-2010 05-2013 05-2016

Normalised 12-month moving
average wind speed

EMD-ConWx at HKZB grid point

Europlatform extraplated to 100m

—— LE Goeree extraplated to 100m

Figure 21: 12-month moving average wind speeds from long-term references, normalised to long-term mean; box
and whiskers plot to the right shows that the concurrent 12-month period is below the minimum moving average
for all three references (box indicates second and third quartiles, whiskers show minimum and maximum, dots

indicate HKZB measurement period)

* The concurrent period for the EMD-ConWx dataset is 11 months instead of 12. Also, 2014 & 2015 Europlatform
data are excluded due to low data availability.
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Figure 22: HKZB measured monthly mean wind speeds, compared to monthly means in long-term corrected time

series

5.2.2 Uncertainty due to long-term correction

The uncertainty in the long-term correction should consider three components:

1. The uncertainty in the choice of long-term reference dataset should consider the quality of the
correlation with the on-site measurements, and the accuracy of the long-term distribution of
the reference dataset. The wind speed correlation is high for all three datasets, although slightly
lower for Europlatform (also the data availability is lowest for Europlatform, particularly in 2014
and 2015). This uncertainty component is estimated by Ecofys WTTS, based on expert
judgement and the factors above.

2. The uncertainty in the selected MCP method can be estimated using the jack-knife estimate of
variance, which considers the variability of results when subsequent subsets of the data are
removed from the analysis [18]. Thus, the long-term correction is repeated with identical
settings, with datasets with two-month sections removed, leading to six independent estimates
of the long-term wind speed. The jack-knife results are shown in Table 35. The lowest
uncertainty is seen for EMD-ConWX, although this could be due to a different overlapping period
(as discussed in the next component).

3. This jack-knife estimate does not account for seasonal trends due to a short-term
measurements dataset of less than 12 months. The mast measurements overlap with the HKZB
measurements for 12 months, while the modelled data overlaps for slightly less than 11
months. The impact of shorter datasets is estimated based on published validation studies [15].
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Table 35: WRA2 Combined long-term correction uncertainties for the HKZB dataset

- S 2], ¢4:] HKZB HKZB
Uncertainty description
+ Europlatform + LE Goeree + EMD-ConWx
- Choice of long-term reference
3.5% 3.0% 3.0%
dataset
- Long-term correction method
) . 1.9% 1.7% 0.7%
(jack-knife)
- Length of measurement period
] 0.0% 0.0% 1.0%
(seasonality)
Total 4.0% 3.4% 3.2%

5.3 Extrapolation within Hollandse Kust (zuid) Wind Farm Zone

The EMD-ConWx mesoscale data also shows the horizontal wind speed gradient between the sites
within the Hollandse Kust (zuid) Wind Farm Zone. A correction factor is derived from the relative
difference in mean wind speeds between the mesoscale modelled wind speeds nearest the
measurements location (HKZA/B) and at the Hollandse Kust (zuid) Wind Farm Zone centre grid point
(HKZ0) (locations shown in Figure 20). This factor is used to horizontally extrapolate the long-term
hub-height wind climate to the centre of the Hollandse Kust (zuid) Wind Farm Zone.

Table 36: Horizontal extrapolation of wind speed measurements

HKZB 2], ¢4:) 3], ¢4:)

+ Europlatform + LE Goeree + EMD-ConWx

Height 100 m MSL

Long-term mean wind speed at
measurement location [m/s]

Relative difference of mean wind speeds in
mesoscale model, between Hollandse Kust -0.2%
(zuid) centre and measurement location
Calculated long-term mean wind speed
at Hollandse Kust (zuid) centre [m/s]

9.51 9.44 9.41

9.48 9.41 9.39

A similar horizontal extrapolation calculation was repeated for each of the EMD-ConWx mesoscale grid
points within the Hollandse Kust (zuid) Wind Farm Zone, in order to determine the variation in wind
speed across the zone. These results are presented in Figure 23 in the next chapter.

5.4 Comparisons to other studies

Several other wind atlases and studies are referenced in Section 3.4, with comparisons to the WRA1
results. The WRA2 wind climate calculation is also found to be roughly in line with those other studies,
within the uncertainty margin.
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The DHI metocean desk study ([20], referenced in WRA1) has also been updated. The updated report
[33] includes further validations against the HKZA and HKZB floating LiDAR data (up until 1 April 2017).
DHI concludes that “the models perform very well in capturing both normal and extreme sea states.”
The DHI normal wind conditions remain unchanged, with an annual wind speed of 9.5 m/s at 100 m.
This is in close agreement with the results of WRA1 (9.46 m/s) and WRA2 (9.41 m/s). More extensive
comparisons between the DHI and Ecofys WTTS studies are described in Appendix G.

5.5 Uncertainty in wind speed

The combined uncertainty in the calculated long-term wind speed at 100 m MSL at Hollandse Kust
(zuid) is shown in Table 37. The uncertainty definitions are given in Appendix H.

Table 37: WRA2 Combined uncertainties relating to the long-term 100 m MSL wind speed at Hollandse Kust (zuid)

Uncertainty description HKZE HKZE HKZE
+ Europlatform + LE Goeree + EMD-ConWx

- Instrument accuracy 3.3%
- Instrument mounting 0.5%
- Data quality 1.0%
- Data processing 2.0%
- Vertical extrapolation 0%
- Horizontal extrapolation 0.5%
- Long term representation 1.6% 1.6% 1.5%
- Long-term correction 4.0% 3.4% 3.2%
Total 5.9% 5.6% 5.4%

The HKZB LiDAR is of the type ZephIR 300s on a Fugro Seawatch Wind LiDAR buoy. No site-specific
uncertainty calculation was performed for this specific LIDAR (WS158), but in a previous study for
RVO.nl, Ecofys WTTS performed an uncertainty analysis for a similar type of floating LiDAR against
Meteomast IJmuiden [11]. This report is published by RVO.nl and shows the uncertainty values across
the wind speed range of 4 m/s to 16 m/s at heights of 92 m, 58 m and 27 m. To calculate the wind
speed uncertainty for HKZB, the above-mentioned report is used along with long-term Weibull
parameters of the Hollandse Kust (zuid) Wind Farm Zone. It is assumed that the measurement height
(100 m) has a similar accuracy as the validation height (92 m).

The mounting uncertainty is low, as the buoy is deployed in similar conditions to the validation tests at
Meteomast IIJmuiden.

The data quality for the floating LiDAR is excellent, with high data availability for HKZB measurements.
The datasets are also well documented and validated by multiple parties [13] [27] [28].

While all processing steps can be independently repeated by Ecofys WTTS, the uncertainty in data
processing is relatively high, due to some missing raw data which limits the validation of the processed
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data. An explanation was provided by Fugro, but the data was still excluded from the analysis due to
a lack of full traceability. This uncertainty also considers the small impact of erroneous wind directions,
which were corrected by 180 degrees, and the observed desynchronization by 10 minutes during 3
months of the dataset. Finally, the data availability is higher (close to 100% in several months) than
Ecofys WTTS has typically seen for ZephIR LiDARs, which may be attributed to the Fugro algorithm,
which is different than the standard ZephIR quality filters. There is no indication that this leads to
erroneous data, although it justifies some additional uncertainty.

The measurements are taken at 100 m MSL, so there is no uncertainty in vertical extrapolation

The uncertainty in horizontal extrapolation across the zone is low considering the on-site measurements
near to the centre of the zone, and the use of a validated mesoscale model to extrapolate within the
zone.

The long-term representation is based on the 14-year or 17-year durations of the reference datasets.

The uncertainty due to long-term correction is detailed in Section 5.2.2.

5.6 Hollandse Kust (zuid) wind climate (WRA2)

This thorough analysis of the HKZB floating LIiDAR data (with some gaps filled with HKZA data)
demonstrates that it is an appropriate primary data source for this wind resource assessment.

The total uncertainty in the calculated wind speed is slightly higher for WRA2 than WRA1l. The
measurement accuracy (including mounting) of the OWEZ mast and HKZB LiDAR buoy is similar, and
the on-site HKZB measurements require minimal horizontal extrapolation, so this uncertainty
component is significantly lower than for the WRA1 datasets. However, there is more uncertainty in
the data processing and one of the main uncertainty contributors remains the long-term correction,
especially critical for this assessment as the 12-month measurement period is found to be significantly
below the long-term average.

Thus, the selection of an appropriate long-term reference is critical to an accurate wind climate
calculation. Both the Lichteiland Goeree and EMD-ConWx datasets show similar trends with similar
levels of uncertainty (and lead to similar long-term wind climates). Ecofys WTTS has selected the
Lichteiland Goeree dataset for the final calculation, since the overall uncertainty is comparable to the
EMD-ConWx dataset and since it is also independent of the WRA1 datasets. The additional benefit of
using an independent long-term reference is discussed further in Chapter 7.

The calculated long-term mean wind speed at the Hollandse Kust (zuid) Wind Farm Zone is shown in

Table 38, along with the associated uncertainty in terms of wind speed. The wind climate is investigated
in further detail in the next chapter.
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Table 38: WRA2 Calculated mean wind speed at Hollandse Kust (zuid) and the associated uncertainty

HKZ + MCP

with LE Goeree

Calculated mean wind speed at Hollandse Kust
(zuid) at 100 m MSL and the associated
uncertainty [m/s]

9.41 *+ 0.52

The final calculated mean wind speed for WRA2 is within 0.5% of the final result for WRA1,
with a slightly higher uncertainty. The two results are compared in more detail in the next
chapter.

For symmetrical distributions, the mean wind speed can be expressed as the P50 value (the value that
will be exceeded with a probability of 50%). It is also common to use the P90 value (the value that will
be exceeded with a probability of 90%), or other exceedance probabilities (Pxx). Assuming a Gaussian
distribution of the results, the different exceedance probabilities can be calculated as a function of the
uncertainty calculated above, as shown in Table 39.

Table 39: WRA2 Mean wind speed at 100 m at the Hollandse Kust (zuid) centre, for different probability levels

Exceedance

probability Mean wind speed at 100 m [m/s]
P90 8.74
P80 8.97
P70 9.14
P60 9.28
P50 9.41
P40 9.54
P30 9.69
P20 9.85
P10 10.08
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6 Wind Farm Wind Climate

The analysis in the sections below is based on the calculated long-term time series of wind speeds at
the Hollandse Kust (zuid) Wind Farm Zone, from both WRA1 and WRAZ2.

The structure of this chapter is identical to that in the initial report for WRA1 [25]. Several comparisons
are made between the Hollandse Kust (zuid) results and the other offshore wind measurement
locations. Unless otherwise noted in the text, the trends for the other measurement locations are based
on the same measurement periods as in the WRA1 report (i.e. they were not updated for this report),
to maintain continuity with the WRA1 report.

A number of data checks were performed with Windographer software, in order to validate general
trends and identify outliers (if any). The analysis in the sections below will primarily show results from
the central grid point (HKZ0), with reference when relevant to the other wind measurement locations.
Trends are also noted across the zone, between the modelled grid points.

In general, the characteristics of the wind climate calculated for WRA2 are highly consistent with the
results of WRA1. The main difference between the calculations is found to be the vertical shear profile,
which affects the calculated wind speeds at heights above and below 100 m (as explained in Sections
6.1 and 6.2). The other comparisons show negligible differences in terms of diurnal (6.3), monthly
(6.4) or inter-annual (6.5) variations, or frequency distribution (6.6 and 6.7), or wind rose (0).

Finally, some other site characteristics are analysed, based primarily on the EMD-ConWx dataset, as
reported in WRA1: temperature (6.9), pressure (6.10), humidity (6.11) and air density (6.12). The
modelled wake effects (6.13) are based on a separate ECN study [23].

6.1 Mean wind speed

As described in the previous chapters, the mean wind speed at 100 m MSL at the central Hollandse
Kust (zuid) grid point is 9.46 and 9.41 m/s, for WRA1 and WRAZ2 respectively. The wind climates are
also extrapolated to four other EMD-ConWx model grid points, in order to evaluate the wind resource
of each of the planned wind farms within the site, as illustrated in Figure 9.

Wind speeds were also calculated at several other heights from 10 to 200 m MSL. These wind speeds
are based on the calculated wind speeds at 100 m MSL, extrapolated to other heights using the matrix
of average power law exponents per hour and wind direction bin from the OWEZ met mast for WRA1
(as in Section 3.1) and the HKZB floating LiDAR for WRA2. The mean wind speeds are shown in Table
40 and Table 41, respectively for WRA1 and WRA2.
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Table 40: WRA1 Mean wind speeds at various locations and hei

hts within the Hollandse Kust (zuid

S L Mean wind Mean wind Mean wind Szl el
speed [m/s] speed [m/s]
Hollandse speed [m/s] speed [m/s] speed [m/s] Hollandse
Kust (zuid) Hollandse Hollandse Hollandse Kust (zuid)
Center Kust (zuid) I | Kust (zuid) II | Kust (zuid) III v
HKZ0 HKZ1 HKZ2 HKZ3 HKZ4
200 10.16 10.22 10.20 10.11 10.09
150 9.86 9.92 9.90 9.82 9.80
125 9.68 9.74 9.72 9.63 9.62
100 9.46 9.52 9.50 9.42 9.40
70 9.13 9.18 9.16 9.08 9.07
30 8.38 8.43 8.41 8.34 8.32
10 7.51 7.56 7.54 7.48 7.46

Table 41: WRA2 Mean wind speeds at various locations and heights within the Hollandse Kust (zuid

Mean wind . . . Mean wind
Mean wind Mean wind Mean wind
speed [m/s] speed [m/s]
Hollandse speed [m/s] speed [m/s] speed [m/s] Hollandse
Kust (zuid) Hollandse Hollandse Hollandse Kust (zuid)
Center Kust (zuid) I Kust (zuid) IT | Kust (zuid) III v
HKZ0 HKZ1 HKZ2 HKZ3 HKZ4
200 9.97 10.03 10.01 9.92 9.90
150 9.73 9.79 9.77 9.69 9.67
125 9.59 9.64 9.62 9.54 9.52
100 9.41 9.47 9.45 9.37 9.35
70 9.14 9.19 9.18 9.10 9.08
30 8.53 8.58 8.57 8.49 8.48
10 7.82 7.86 7.85 7.78 7.76

The calculated variation in wind speed across the site is about 0.1 m/s; the wind speed is lower closer
to shore at the site of Hollandse Kust (zuid) III & IV, and highest further from shore, at Hollandse Kust

(zuid) L. The horizontal variation at 100 m MSL is shown in Figure 23. These results are identical for
WRA1 and WRA2 (within 0.5%).

The wind speed distribution, by wind direction, differs slightly between WRA1 and WRA2, as shown in
Table 42/Figure 24 and Table 43/Figure 25 respectively
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Figure 23: 100 m MSL mean wind speed map over Hollandse Kust (zuid) Wind Farm Zone.
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Table 42: WRA1 Wind speed distribution (frequency of occurrence), by wind direction sector, at 100 m MSL for
Hollandse Kust (zuid) centre HKZ0

Wind speed

0.0-0.5 0.009 | 0.006 | 0.008 | 0.011 | 0.004 | 0.009 0.006 0.013 0.008 0.011 0.012 0.008 0.104

0.5-1.5 0.110 | 0.101 | 0.076 | 0.090 | 0.105 0.098 0.080 0.080 0.096 0.094 0.138 0.130 1.199

1.5-25 0.300 | 0.189 | 0.173 | 0.178 | 0.242 0.173 0.180 0.218 0.238 0.240 0.290 0.326 2.747

2.5-3.5 0.472 | 0.285 | 0.262 | 0.299 | 0.338 0.260 0.252 0.293 0.412 0.377 0.395 0.471 4.115

3.5-4.5 0.589 | 0.334 | 0.338 | 0.368 | 0.374 0.320 0.319 0.401 0.534 0.529 0.505 0.581 5.194

45-5.5 0.738 | 0.480 | 0.435 | 0.456 | 0.430 0.336 0.399 0.545 0.678 0.605 0.522 0.622 6.247

5.5-6.5 0.826 | 0.585 | 0.558 | 0.581 | 0.516 0.387 0.422 0.720 0.841 0.670 0.702 0.654 7.461

6.5-7.5 0.814 | 0.614 | 0.679 | 0.704 | 0.528 0.369 0.461 0.861 1.036 0.819 0.891 0.752 8.529

7.5-8.5 0.752 | 0.697 | 0.763 | 0.820 | 0.538 0.444 0.567 0.977 1.130 0.934 0.839 0.676 9.137

8.5-9.5 0.785 | 0.742 | 0.715 | 0.821 | 0.494 0.485 0.690 1.114 1.217 0.904 0.809 0.657 9.432

9.5-10.5 0.657 | 0.583 | 0.757 | 0.716 | 0.533 0.517 0.714 1.213 1.239 0.857 0.764 0.585 9.135

10.5-11.5 0.496 | 0.478 | 0.538 | 0.568 | 0.401 0.446 0.598 1.228 1.099 0.735 0.643 0.497 7.727

11.5-12.5 0.335 | 0.328 | 0.379 | 0.416 | 0.275 0.366 0.551 1.151 0.988 0.575 0.510 0.406 6.280

12.5-13.5 0.234 | 0.222 | 0.269 | 0.332 | 0.179 0.255 0.518 1.013 0.895 0.551 0.446 0.316 5.229

13.5-14.5 0.185 | 0.125 | 0.161 | 0.188 | 0.077 0.178 0.404 0.877 0.824 0.457 0.337 0.285 4.098

14.5-15.5 0.114 | 0.052 | 0.091 | 0.071 | 0.030 0.130 0.340 0.774 0.714 0.415 0.241 0.169 3.141

15.5-16.5 0.081 | 0.034 | 0.022 | 0.029 | 0.007 0.062 0.270 0.665 0.606 0.355 0.214 0.156 2.501

16.5-17.5 0.055 | 0.039 | 0.009 | 0.023 | 0.002 0.039 0.195 0.640 0.551 0.308 0.120 0.119 2.099

17.5-18.5 0.030 | 0.009 | 0.012 | 0.022 | 0.005 0.021 0.153 0.483 0.446 0.247 0.105 0.070 1.602

18.5-19.5 0.014 | 0.004 | 0.003 | 0.019 | 0.001 0.015 0.093 0.416 0.371 0.170 0.073 0.051 1.231

19.5 - 20.5 0.010 | 0.003 | 0.001 | 0.006 | 0.001 0.005 0.058 0.285 0.270 0.158 0.069 0.036 0.901

20.5-21.5 0.005 0 0 0 0 0.001 0.029 0.211 0.235 0.114 0.049 0.014 0.660
21.5-22.5 0 0 0 0 0 0.001 0.021 0.172 0.177 0.101 0.038 0.009 0.519
22.5-23.5 0 0 0 0 0 0 0.019 0.125 0.101 0.048 0.023 0.016 0.332
23.5-24.5 0 0 0 0 0 0 0.013 0.056 0.038 0.029 0.011 0.009 0.155
24.5 - 25.5 0 0 0 0 0 0 0.007 0.022 0.021 0.012 0.005 0.002 0.069
25.5-26.5 0 0 0 0 0 0 0.005 0.019 0.009 0.014 0.005 0.001 0.053
26.5 - 27.5 0 0 0 0 0 0 0.004 0.019 0.008 0.012 0.002 0 0.044
27.5 - 28.5 0 0 0 0 0 0 0.001 0.010 0.008 0.006 0.004 0 0.029
28.5 - 29.5 0 0 0 0 0 0 0 0.006 0.006 0 0 0 0.013
29.5 - 30.5 0 0 0 0 0 0 0.003 0.003 0.003 0 0.001 0 0.009

All 7.61 5.91 6.25 6.72 5.08 4.92 7.37 14.61 14.80 10.35 8.76 7.62 100.0
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Table 43: WRA2 Wind speed distribution (frequency of occurrence), by wind direction sector, at 100 m MSL for
Hollandse Kust (zuid) centre HKZ0

Wind speed

100m (m/s
0.0 - 0.5 0.009 | 0.006 | 0.002 | 0.003 | 0.001 | 0.005 0.003 0.002 0.006 0.002 0.003 0.006 0.049
0.5-1.5 0.108 | 0.119 | 0.123 | 0.101 0.087 0.091 0.087 0.124 0.106 0.115 0.120 0.135 1.315
1.5-2.5 0.257 | 0.278 | 0.261 | 0.239 0.186 0.205 0.209 0.211 0.241 0.247 0.287 0.308 2.928
2.5-3.5 0.398 | 0.381 | 0.383 | 0.295 | 0.279 0.320 0.264 0.308 0.386 0.378 0.392 0.421 4.204
3.5-4.5 0.513 | 0.528 | 0.473 | 0.485 | 0.338 0.445 0.334 0.430 0.553 0.492 0.521 0.577 5.688
4.5-55 0.595 | 0.610 | 0.623 | 0.571 0.377 0.438 0.387 0.556 0.748 0.580 0.559 0.624 6.667
5.5-6.5 0.602 | 0.717 | 0.727 | 0.618 | 0.443 0.417 0.487 0.665 0.912 0.696 0.661 0.661 7.607
6.5-7.5 0.602 | 0.769 | 0.798 | 0.683 | 0.471 0.482 0.523 0.827 1.053 0.788 0.680 0.673 8.349
7.5-8.5 0.592 | 0.800 | 0.851 | 0.627 | 0.530 0.552 0.558 0.892 1.096 0.806 0.721 0.680 8.705
8.5-9.5 0.565 | 0.719 | 0.768 | 0.594 | 0.480 0.572 0.572 0.981 1.247 0.802 0.723 0.657 8.681

9.5-10.5 0.474 | 0.584 | 0.842 | 0.460 | 0.411 0.473 0.625 1.003 1.405 0.794 0.693 0.613 8.376

10.5-11.5 0.415 | 0.454 | 0.643 | 0.374 | 0.290 0.362 0.572 0.967 1.414 0.759 0.619 0.567 7.436

11.5-12.5 0.289 | 0.348 | 0.476 | 0.296 | 0.235 0.228 0.532 0.947 1.364 0.553 0.507 0.482 6.257

12.5-13.5 0.236 | 0.244 | 0.340 | 0.187 | 0.153 0.156 0.447 0.953 1.310 0.506 0.443 0.340 5.313

13.5-14.5 0.164 | 0.136 | 0.212 | 0.155 | 0.132 0.097 0.396 0.991 1.122 0.484 0.346 0.287 4.523

14.5-15.5 0.106 | 0.082 | 0.135 | 0.091 | 0.102 0.064 0.374 0.847 0.859 0.374 0.276 0.186 3.497

15.5-16.5 0.074 | 0.045 | 0.087 | 0.057 | 0.051 0.063 0.299 0.802 0.724 0.332 0.209 0.139 2.882

16.5-17.5 0.071 | 0.023 | 0.057 | 0.051 | 0.034 0.045 0.217 0.753 0.609 0.252 0.140 0.115 2.367

17.5-18.5 0.024 | 0.009 | 0.022 | 0.014 | 0.025 0.021 0.135 0.587 0.539 0.200 0.119 0.059 1.755

18.5-19.5 0.017 | 0.007 | 0.015 | 0.002 | 0.002 0.008 0.096 0.430 0.369 0.113 0.096 0.072 1.228

19.5 - 20.5 0.007 | 0.001 | 0.010 | 0.001 | 0.002 0.003 0.068 0.294 0.251 0.082 0.079 0.045 0.841

20.5-21.5 0.003 0 0.002 0 0.002 0 0.028 0.170 0.150 0.068 0.049 0.035 0.507
21.5-22.5 0 0 0 0 0 0.002 0.021 0.112 0.111 0.023 0.031 0.013 0.315
22.5-23.5 0 0 0 0 0 0 0.012 0.087 0.070 0.017 0.020 0.007 0.214
23.5-24.5 0 0 0 0 0 0 0.011 0.054 0.034 0.012 0.013 0.004 0.129
24.5 - 25.5 0 0 0 0 0 0 0.004 0.026 0.021 0.010 0.008 0.002 0.073
25.5-26.5 0 0 0 0 0 0 0.004 0.017 0.012 0.010 0.004 0 0.047
26.5 - 27.5 0 0 0 0 0 0 0.002 0.009 0.009 0.005 0 0.001 0.026
27.5-28.5 0 0 0 0 0 0 0 0.007 0.006 0.001 0 0 0.013
28.5-29.5 0 0 0 0 0 0 0 0.002 0.002 0.001 0 0 0.006
29.5 - 30.5 0 0 0 0 0 0 0 0.001 0.002 0.001 0 0 0.003

All 6.12 6.86 7.85 5.91 4.63 5.05 7.27 14.06 16.73 9.50 8.32 7.71 100.0
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Figure 24: WRA1 Wind speed distribution (frequency of occurrence), by wind direction sector, at 100 m MSL for
Hollandse Kust (zuid) centre HKZ0
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Figure 25: WRA2 Wind speed distribution (frequency of occurrence), by wind direction sector, at 100 m MSL for
Hollandse Kust (zuid) centre HKZ0
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6.2 Wind shear

WRA1 and WRA2 use different data sources to define the shear profile; OWEZ and HKZB respectively.
The resulting shear is slightly different, as shown in Figure 26. In both cases, the mean wind speed
decreases by about 0.1 m/s per 10 m decrease in height, down from 200 m to 70 m.

WRAL1 shear profiles WRA2 shear profiles
250 250
200 200
= =
n n
= 150 = 150
= =
e e
S 100 S 100
2 2
T T
50 50
0 0
7 8 9 10 11 7 8 9 10 11
Mean wind speed [m/s] Mean wind speed [m/s]
®HKZ0 eHKZ1 eHKZ2 eHKZ3 eHKZ4 ®HKZ0 eHKZ1 eHKZ2 eHKZ3 eHKZ4

Figure 26: Mean wind speed profiles at Hollandse Kust (zuid) (left: WRA1, right: WRA2)

The wind shear shown in Figure 26 can be characterised by the power law exponent in the power law

u, =le(22]
Zl

Where U is wind speed (in m/s), z is height (in m) and a is the power law exponent.

equation:

The power law exponent is calculated to represent the best-fit of the vertical wind speed profile.
Windographer uses linear least squares regression to find the best-fit value of the power law exponent.
As specified in Section 6.1, the vertical wind speed profile is based on a matrix of average power law
exponents per hour and wind direction bin from all measurement heights of the OWEZ met mast for
WRA1, and up to 141 m for HKZB for WRA2.

The calculated power law exponents for 12 wind direction sectors are shown in a radar plot in Figure
27, together with comparisons to the measured wind shear at Meteomast IJmuiden, OWEZ, Borssele
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floating LiDAR Lot-1 and HKZB floating LiDAR. It is important to note that the comparisons are not for
concurrent periods, and that the measurement heights are different at each location. This may explain
some of the observed differences.

The shear profiles between the various sources match well for the western sectors (WSW to NNW),
although there are differences in other sectors. The shear exponents for the HKZB floating LiDAR (the
basis for the vertical shear in WRA2) are generally lower than those of OWEZ (used in WRA1). The
measured shear at OWEZ is highest in the south-eastern sectors, likely due to effects of the coast at a
distance of 15 km.

In general, the shear is lower for the two floating LiDARs, which may be due to differences in the
measurement techniques, as the LiDAR measurements will not experience any tower shadow and are
recorded for more measurement heights. The very low shear in the NNE sector for HKZB may be
unrepresentative, due to limited measurement data in that sector.

Power law exponent

N 042

0.08

Meteomast Ijmuiden mast (2012-2015)
OWEZ (2005-2006)

Borssele Floating LIDAR: Lot-1 (2015-2016)
HKZB Floating LIiDAR (2016-2017)

== == WRA1 Hollandse Kust (zuid)

seeeee WRA2 Hollandse Kust (zuid)

Figure 27: Power law exponents by wind direction sector for Hollandse Kust (zuid) centre, compared to four

offshore measurement locations. Note non-concurrent periods.
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6.3 Diurnal variation

There is a slight difference between two calculated wind climates, as the WRA2 daytime low occurs a
couple hours after that of WRA1. The diurnal variation is more pronounced for the Borssele floating
LiDAR, possibly due to a seasonally-biased dataset (see Section 2.5). The three dips observed in the
HKZB data are related to data filtering (see Section 4.1.3).
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HKZB Floating LIDAR 100 m (2016-2017)
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sesssee WRA? Hollandse Kust (zuid) 100 m

Figure 28: Mean diurnal profile of wind speed for six measurement locations, with comparison to Hollandse Kust
(zuid) at 100 m MSL. Note non-concurrent periods.

The diurnal variations are also shown as a function of height for WRA1 and WRA2, in Figure 29 and
Figure 30 respectively. The extrapolation to other heights used a matrix of average measured power
law exponents per hour and wind direction bin, as described in Section 6.1. The patterns are quite
similar at all heights. At the upper heights, there is a slight increase of about 0.5 m/s in wind speeds
in the evening, while at lower heights the diurnal profile is less pronounced.
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Figure 30: WRA2 Mean diurnal profile of wind speed, at the centre of Hollandse Kust (zuid)
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Figure 29: WRA1 Mean diurnal profile of wind speed, at the centre of Hollandse Kust (zuid)
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The vertical wind shear also exhibits a diurnal pattern, with lower shear during the day than at night,
although the change is relatively small. This is shown in Figure 31 for the calculated Hollandse Kust
(zuid) wind climate and the offshore measurement locations.
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Figure 31: Mean diurnal profile of power law exponents for Hollandse Kust (zuid), compared to four measurement
locations. Note non-concurrent periods.
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6.4 Monthly variation

There is a significant difference between the high mean wind speeds in winter compared to summer,
which is typical for the offshore wind climate in Northern Europe and is also seen in the offshore
measurements (in Figure 32). It shall be noted that the measurements are of non-concurrent periods
but still showcase a higher level of similarity, which indicates an overall consistent regional wind
climate.
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Meteomast Ijmuiden 92 m (2012-2015)
Europlatform 29 m (2003-2016)

Lichteiland Goeree 38 m (2003-2016)

OWEZ 116 m (2005-2006)

Borssele Floating LIDAR: Lot-1 100 m (2015-2016)
HKZB Floating LIDAR 100 m (2016-2017)

== == \WRA1 Hollandse Kust (zuid) 100 m

sesssee WRA? Hollandse Kust (zuid) 100 m

Figure 32: Monthly mean wind speeds at six measuring locations, with comparison to Hollandse Kust (zuid) at 100
m MSL. Only 6-months of Borssele floating LIDAR data shown due to low data availability for other months. Note

non-concurrent periods.

6.5 Inter-annual variation

The two wind resource assessments (WRA1 and WRA2) show similar inter-annual trends, as shown in
the annual mean wind speeds plotted in Figure 33. The other reference offshore measurements exhibit
similar trends, which indicates an overall consistent of regional wind climate.
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Figure 33: Annual mean wind speeds for offshore met masts, with comparison to Hollandse Kust (zuid) at 100 m
MSL. Europlatform 2014 & 2015 data excluded due to low data availability.

6.6 Frequency distribution

The frequency distribution of the calculated wind speed is shown in Figure 34 for the Hollandse Kust
(zuid) Wind Farm Zone centre at a height of 100 m MSL. A Weibull curve is fitted to the data, using
Windographer, with a good representation of the actual distribution. The Weibull shape factor (k = 2.2)
is in good agreement with the range of factors found for the mast measurements, 2.16 to 2.19, as
illustrated in Figure 35.
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Figure 34: Frequency plot of the calculated wind speed at 100 m MSL at the centre of Hollandse Kust (zuid), with
the fitted Weibull curve.
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Figure 35: Frequency plot of the mast-top measurements at the offshore masts/LiDAR. Note non-concurrent
periods.

6.7 Weibull parameters

The best-fit Weibull parameters (A & k) are calculated with Windographer for each of the analysed grid
points within the Hollandse Kust (zuid) Wind Farm Zone, for both WRA1 and WRA2, using the maximum
likelihood algorithm. The Weibull parameters for each site at different heights are shown in Table 44 &
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Table 45 for WRA1, and Table 48 & Table 49 for WRA2. Direction-wise Weibull parameters, for twelve
direction sectors, were calculated at the centre of Hollandse Kust (zuid) Wind Farm Zone, these are
shown in Table 46 & Table 47 for WRA1 and Table 50 & Table 51 for WRA2. There is no significant
change with height in the calculated Weibull shape factor, k, which is also seen in the OWEZ and
Meteomast IJmuiden mast data.

Weibull A

Table 44: WRA1 Weibull A at various locations and heig

hts within Hollandse Kust (zuid

[m/s] Weibull A Weibull A Weibull A Weibull A
; [m/s] [m/s] [m/s] [m/s]
[:e;v?gt] Ki‘;lga(:g?:) Hollandse Hollandse Hollandse Kust Hollandse
Centre Kust (zuid)-I | Kust (zuid)-II (zuid)-II1 Kust (zuid)-IV
HKZ1 HKZ2 HKZ3 HKZ4
HKZ0
200 11.47 11.54 11.51 11.41 11.39
150 11.14 11.20 11.18 11.08 11.06
125 10.93 10.99 10.97 10.88 10.86
100 10.68 10.75 10.72 10.63 10.61
70 10.30 10.36 10.34 10.25 10.24
30 9.46 9.51 9.49 9.41 9.40
10 8.48 8.53 8.51 8.44 8.42

Table 45: WRA1 Weibull k at various heights within Hollandse Kust (zuid)
results are similar at all locations

Table 46: WRA1 Sector-wise Weibull A

Weibull k
. Hollandse
Height :
Kust (zuid)
[m MSL] Centre
HKZ0
200 2.18
150 2.19
125 2.20
100 2.20
70 2.22
30 2.23
10 2.24

parameter at different heig

hts for Hollandse Kust (zuid) centre location

150° | 180° 210° 240°
200 9.03 | 9.38 | 9.65 | 10.12 9.12 | 10.59 | 12.54 14.27 13.42 12.20 10.66 9.82
150 8.89 | 9.20 | 9.46 9.77 8.82 | 10.14 @ 12.05 13.73 12.99 11.89 10.47 9.66
125 8.80 | 9.09 | 9.35 9.55 8.63 9.86 11.75 13.41 12.73 11.69 10.34 9.56
100 8.69 | 8.95 | 9.21 | 9.30 8.41 | 9.54 | 11.39 | 13.01 | 12.42 | 11.46 | 10.19 | 9.43
70 8.53 | 8.74 | 9.00 8.90 8.08 9.04 10.83 12.41 11.94 11.10 9.96 9.24
30 8.14 | 8.26 | 8.51 8.04 7.33 7.97 9.63 11.09 10.87 10.28 9.43 8.79
10 7.68 | 7.67 | 7.92 7.05 6.46 6.78 8.28 9.59 9.63 9.31 8.78 8.24
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Table 47: WRA1 Sector-wise Weibull-k parameter at 100 m MSL for Hollandse Kust (zuid) centre location
results are similar at all locations

100 2.31 | 260|279 | 269 | 246 | 2.38 | 2.38 | 251 | 2.36 | 2.17 | 2.16 | 2.08

Table 48: WRA2 Weibull A at various locations and heights within Hollandse Kust (zuid

W[e;b/“;; e Weibull A Weibull A Weibull A Weibull A
Hollandse [m/s] [m/s] [m/s] [m/s]
Kust (zuid) Hollandse Hollandse Hollandse Kust Hollandse
Centre Kust (zuid)-I | Kust (zuid)-II (zuid)-III Kust (zuid)-IV
HKZ1 HKZ2 HKZ3 HKZ4
HKZO0
200 11.26 11.32 11.30 11.20 11.18
150 10.99 11.06 11.03 10.94 10.92
125 10.83 10.89 10.87 10.77 10.76
100 10.63 10.69 10.67 10.58 10.56
70 10.32 10.38 10.36 10.27 10.25
30 9.63 9.69 9.67 9.59 9.57
10 8.82 8.87 8.85 8.78 8.76

Table 49: WRA2 Weibull k at various heights within Hollandse Kust (zuid)
results are similar at all locations

ESMWT17659

Weibull k
. Hollandse
Height :
Kust (zuid)
[m MSL] Centre
HKZ0
200 2.16
150 2.18
125 2.19
100 2.20
70 2.21
30 2.24
10 2.27
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Table 50: WRA2 Sector-wise Weibull A parameter at different heights for Hollandse Kust (zuid) centre location

200 8.99 | 8.67 | 9.53 8.97 9.42 9.40 12.21 14.12 13.42 11.63 10.90 | 10.03

150 8.90 | 8.64 | 9.41 8.85 9.20 9.12 11.81 13.70 13.02 11.35 10.67 9.86
125 8.85 | 8.62 | 9.33 8.77 9.06 8.95 11.56 13.44 | 12.76 11.17 10.53 9.76
100 8.78 | 8.59 9.24 | 8.68 8.89 | 8.74 | 11.26 | 13.13 | 12.46 | 10.95 | 10.36 | 9.63
70 8.67 | 8.55 | 9.09 8.53 8.63 8.43 10.79 12.65 12.00 10.62 10.10 9.43
30 8.41 | 8.46 | 8.75 8.20 8.06 7.72 9.77 11.58 11.00 9.87 9.50 8.96
10 8.09 | 8.35 | 8.33 7.79 7.37 6.90 8.59 10.34 9.74 8.98 8.78 8.40

Table 51: WRA2 Sector-wise Weibull k parameter at 100 m MSL for Hollandse Kust (zuid) centre location
results are similar at all locations

120° | 150° | 180° | 210° | 240° | 270° | 300° | 330°

100 2.20 | 244 | 249 | 236 | 2.32 | 2.31 | 233 | 252 | 255 | 2.24 | 2.13 | 2.11

6.8 Wind rose

The wind rose in Figure 36 indicates the relative frequency of occurrence for each wind direction sector.
A second comparison is made in terms of energy content of the wind in each sector, based on wind
speed and air density, as shown in Figure 37. WRA1 and WRA2 show nearly identical wind roses with
the most frequent and strongest winds from the southwest. The Hollandse Kust (zuid) wind roses show
close agreement with the mast measurements. The similarity between the short-term measurements
and the long-term calculated wind climate indicates that the wind rose is relatively stable over the long-
term.
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——HKZB Floating LIDAR 100 m (2016-2017)

Figure 36: Wind rose at 100 m MSL at the centre of the Hollandse Kust (zuid) (left), with comparison to mast and

floating LIDAR measurements (right): wind direction frequency per sector. The predominant winds are from the

southwest. Note non-concurrent periods.
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Total energy [%]
24% — \

== == \WWRA1 Hollandse Kust (zuid) 100 m

sesssee WRA? Hollandse Kust (zuid) 100 m

Total energy [%]
28%

T 24% A

Meteomast Ijmuiden 92 m (2012-2015)
Europlatform 29 m (2003-2016)
Lichteiland Goeree 38 m (2003-2016)
—— OWEZ 116 m (2005-2006)

Borssele Floating LIDAR: Lot-1 100 m (2015-2016)
— HKZB Floating LIiDAR 100 m (2016-2017)

Figure 37: Energy rose at 100 m MSL at the centre of the Hollandse Kust (zuid) (left), with comparison to mast-

and floating LiDAR measurements (right): energy density per sector. The strongest winds are also from the

southwest. Note non-concurrent periods.

6.9 Air temperature

The EMD-ConWx mesoscale dataset also includes modelled air temperature at 100 m. The normal and
extreme temperature ranges for the grid point at the centre of the Hollandse Kust (zuid) Wind Farm
Zone are shown in the table below, with comparison to measurements from Meteomast IJmuiden and
OWEZ. The three datasets show similar results, with a mean air temperature of about 10°C at 100 m.
The OWEZ and Meteomast IJmuiden datasets have different measurement periods, so it is not possible
to directly compare the maximum or minimum values since these could be caused by different storms

or other meteorological conditions.

Table 52: Normal and extreme air temperature ranges in EMD-ConWx mesoscale model and at measurement

locations
Mean air Maximum air Minimum air
Dataset temperature | temperature temperature
[°C] [°C] [°C]
100 m EMD-ConWx at HKZ0 10.2 30.9 -9.5
116 m OWEZ 10.7 27.2 -3.3
90 m Meteomast IJmuiden 10.3 29.6 -5.9
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6.10 Air pressure

The EMD-ConWx mesoscale data also includes modelled air pressure data. The normal and extreme
pressure ranges at the centre of the Hollandse Kust (zuid) Wind Farm Zone and for Meteomast IJmuiden
and OWEZ are shown in the Table 53. The mean air pressure at Hollandse Kust (zuid) is 1015hPa which
is similar to OWEZ air pressure value. The OWEZ and Meteomast IJmuiden datasets have different
measurement periods, so it is not possible to directly compare the maximum or minimum values since
these could be caused by different storms or other meteorological conditions.

Table 53: Normal and extreme air pressure ranges at offshore measurement locations

Mean air Maximum air o s
Minimum air
Dataset pressure pressure ressure [hPa]
[hPa] [hPa] P
EMD-ConWx at HKZ0 at mean sea level 1,015 1,046 965
20 m OWEZ 1,015 1,040 974
90 m Meteomast IJmuiden 1,003 1,034 962

6.11 Relative humidity

The EMD-ConWx mesoscale dataset includes modelled relative humidity at 2 m. The normal and
extreme relative humidity ranges are shown in Table 54 for the grid point at the centre of the Hollandse
Kust (zuid) Wind Farm Zone, with comparison to measurements from Meteomast IJmuiden and OWEZ.
The three datasets all show mean relative humidity levels of around 80%. The OWEZ and Meteomast
IJmuiden datasets have different measurement periods, so it is not possible to directly compare the
maximum or minimum values since these could be caused by different storms or other meteorological
conditions.

Table 54: Normal and extreme relative humidity ranges in EMD-ConWx mesoscale model and at measurement

locations
. Maximum Minimum
Mean relative . .
Dataset humidity [%] relative relative
y L% humidity [%] humidity [%]
2 m EMD-ConWx at HKZ0 84.7% 100.0% 45.0%
116 m OWEZ 78.9% 99.7% 22.1%
90 m Meteomast IJmuiden 78.6% 101.0% 12.6%

6.12 Air density

The air density is calculated for each time step of each data series, based on the air temperature,
pressure and relative humidity. The air density is shown in Table 55 for the EMD-ConWx mesoscale
model at the centre grid point of the Hollandse Kust (zuid) Wind Farm Zone and for the measurement
datasets from OWEZ and Meteomast IJmuiden as a comparison (note: for different periods). The annual
average air density is 1.23 kg/m3 at 100 m at the Hollandse Kust (zuid) Wind Farm Zone, comparing
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well with similar values at the measurement masts. The monthly mean air density varies by £3%

throughout the year, with lower density in the summer months, as shown in Figure 38.

Table 55: Normal and extreme air densit

rang

es in EMD-ConWx mesoscale model and at measurement locations

Mean air Maximum air Minimum air
Dataset density density density
[kg/m3] [kg/m3] [kg/m3]
100 m EMD-ConWx 1.243 1.376 1.143
116 m OWEZ 1.230 1.316 1.159
90 m Meteomast IJmuiden 1.233 1.345 1.148

Monthly mean air density [kg/m3]

1.3

1.26 -

1.22

1.18

1.14

1.1 .

. A 2, %
% &% Y. Yon %, Y0y Y

——OWEZ 116 m

%,

9

Meteomast Ijmuiden 92 m

EMD-ConWx HKZ0 100 m

S8

%

Y%, N

Figure 38: Monthly mean air density for EMD-ConWx mesoscale model and at measurement locations. Note non-

6.13 Wake effects

concurrent periods.

There are three existing windfarms that are operating near to Hollandse Kust (zuid) Wind Farm Zone
as listed in Table 56.
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Table 56: Details of existing windfarm

Name of windfarm Number_of wind Wind turbine type Hub height [m]
turbines
Eneco Luchterduinen 43 MHI Vestas V112-3.0MW 81 m LAT
Prinses Amalia 60 Vestas V80-2.0MW 59 m LAT
OWEZ 36 Vestas V90-3.0MW 70 m MSL

Out of three wind farms, Eneco Luchterduinen is adjacent to the Hollandse Kust (zuid) Wind Farm Zone
as shown in the map below.

B existing wind farm
Hollandse Kust (Zuid )
Parcels

i

O
i
1Y

OWEZ

Prinses Amaliawindpark

Eneco Luchterduinen
Windfarm

~/ A/

BV

L

OWP overview map
Hollandse Kust (Zuid) OWP development area and existing wind farms

Date Author  Reviewer  Projection Background Version ECOFYS
14/09/2016 HLS DDH UTM Zone 31 ETRS89 [EPSG 3043] n.a. 1
Z0TG05Ta AP ENE_RRZoid GVl ovarv e map_v Tgatan 5

THS Vot T be Used for RavIGaE on or 83l purposes.

2015 Al Tt reserzed

Figure 39: Hollandse Kust (zuid) offshore windfarm zone along with existing windfarms

ECN has performed an in-depth wake effect analysis study of these wind farms in combination with
expected future developments in the Hollandse Kust (zuid) Wind Farm Zone [23].
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Wake effects were modelled using ECN’s FARMFLOW wake model, in terms of lost energy. To calculate
the wake effects for the Hollandse Kust (zuid) Wind Farm Zone, two different layouts were designed,
one for a 6 MW wind turbine with 154 m rotor diameter and one for an 8 MW wind turbine with 164 m
rotor diameter.

The anticipated wake effects for the Hollandse Kust (zuid) Wind Farm Zone, due to nearby existing
offshore wind farms, are shown in Table 57.

Table 57: Additional wake losses for Hollandse Kust (zuid) I, II, III & IV due to existing wind farms [source: Table

5, 6 &7 -ECN[23
Anticipated wake losses for each site,

Hollandse Kust due to nearby existing offshore wind
(zuid) site farms, based on ECN analysis, in terms
of energy yield [%]
Site I 1.3-1.4%
Site II 0.2-0.3%
Site III 0.2%
Site IV 1.2-1.3%
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7 Combination of WRA1 & WRA2

The wind climate for Hollandse Kust (zuid) has been calculated in two separate studies (WRA1 and
WRA2) using different input data as described in Chapters 2 to 5. This chapter describes the proposed
combining method of the two separate assessments, as a means to provide more certainty in the long-
term wind climate at Hollandse Kust (zuid) Wind Farm Zone.

7.1 Independence of calculations

The results of WRA1 and WRA2 are highly consistent, in terms of long-term wind speeds and the other
characteristics highlighted in the previous chapter. The two wind resource assessments also show a
similar level of uncertainty in wind speed, although it is slightly higher for WRA2 (see Sections 3.5 and
5.5).

WRAL1 is primarily based on the wind speed measurements from OWEZ, with long-term correction and
horizontal extrapolation using EMD-ConWx mesoscale data. WRA2 uses different data for the primary
wind speed measurements (HKZB) and long-term reference (Lichteiland Goeree). The sole repeated
dataset is the EMD-ConWx data for extrapolation within the Hollandse Kust (zuid) Wind Farm Zone.

Some HKZB and Lichteiland Goeree data were also evaluated during the analysis for WRA1, although
they were not used as primary datasets, so this does not create a dependency between the results.

Since both calculations are largely independent, it is possible to combine the results, with a lower
overall uncertainty, as described below.

7.2 Combination methodology

Ecofys WTTS chose to apply the inverse-variance weighting method to the wind speed results.
The inverse-variance weighting is a method of aggregating two or more independent variables to
minimize the variance of the weighted average. Each variable is weighted in inverse proportion to its
variance.

By using the inverse-variance weighting method, Ecofys WTTS aims to combine the long-term wind
speeds and their associated uncertainties which resulted from the assessments WRA1 and WRAZ2.

The long-term wind speed is calculated as the weighted sum of the two independent long-term wind
speed results: Y = Y2 w;X;

where Y is the weighted long-term wind speed, w; are the calculated weights for the individual studies
1 and 2 and X; are the mean wind speeds weights for the individual studies 1 and 2.
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1
The variance ¢;2 of the weighted mean is minimized by w; X i meaning that the weighting factors
i

will be an inverse proportion to their variance.
w; =

1

2
=172

The individual normalized weights w; can be then calculated by the formula:

=
N

~

weighted variance is calculated by the equation: )7, WiZO'l-Z =

7.3 Methodology pre-conditions

The inverse-variance weighting method is applied to variables which are:

independent and
normally distributed.

i)
i)

presented in the tables below.

Table 58: Investigation of the independence of the complete list of variables/uncertainty components

AV

1, While the

i=17 2
%

An investigation of the independence of the variables and specifically of the uncertainty components is

Dependent /

Variables/ Uncertainty WRA 1 WRA 2
components Independent
- Instrument accuracy Met mast OWEZ Floating LiDAR Independent
_ - Cup anemometer ;
Instrument mounting mounting LiDAR deployment Independent
- Data quality Met mast data quality LiDAR data quality Independent
. Met mast data . .
- Data processing processing LiDAR data processing Independent
Interpolation of 70 m
- Vertical extrapolation to hub height and 116 m N/A Independent
measurements
- Horizontal extrapolation to HKZ from OWEZ to HKZ N/A Independent
zone (centre)
_ - . - Ratio of several grid Ratio of several grid
Horizontal extrapolation to sites points of EMD ConWx points of EMD ConWx Dependent
_ i 16 years (Jan 2000 - 14 years (June 2003 -
Long term representation Dec 2015) June 2017) Dependent
- MCP
EMD ConWx LE Goeree Independent
- Long-term dataset
80

ESMWT17659





v WIND TURBINE
gl TESTING SERVICES
—

\ Na

As shown in Table 58, most of the variables used in the assessments WRA 1 and WRA 2 are
independent. The only variables which are determined to be dependant are the model used for
horizontal extrapolation within the zone, and the long-term representation, since there is an overlap in
the long-term period used for the two assessments.

For this reason, the variables related to long-term representation and horizontal extrapolation within
the zone will be excluded from the inverse-variance weighing average method.

With regards to the second pre-condition that the variables are normally distributed; this is a primary

assumption for the uncertainties applied in the wind resource assessment by the wind industry that the
wind speed uncertainties follow a normal distribution (Gaussian distribution).

7.4 Combined results

The application of the inverse-variance weighting is presented in Table 59.

Table 59: Application of inverse-variance weighting in the two WRA assessments

WRA 1 WRA 2
Mean wind speed (m/s) 9.46 9.41
Uncertainty 5.0% 5.6%
Uncertainty of dependent variables
- Long term representation 1.5% 1.6%
- Horizontal extrapolation to wind

1.0% 0.5%

turbine positions
Uncertainty of independent variables
Remaining uncertainty 4.7% 5.39%
components
Inverse variance weighting
Standard Deviation (m/s) 0.45 0.50
Variance 0.20 0.25
Weights 0.55 0.45
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The combined results, after applying the inverse-variance weighting are presented in Table 60. The
weighted uncertainty is calculated for the independent variables. The total uncertainty is calculated as
the square-root of the sum-of-squares of the weighted uncertainty and the dependent uncertainties.
The combined wind climate is presented in Table 61.

Table 60: Combined results of the assessments WRA1 and WRA2
‘ Combined results

Weighted mean wind speed (m/s) 9.44
Weighted variance 0.11
Weighted standard deviation (m/s) 0.33
Weighted uncertainty (independent variables) 3.5%
I;t:;::::;Tr:‘:lependent variables) 4.0%

Table 61: Calculated mean wind speed at Hollandse Kust (zuid) and the associated uncertainty (Combination of
WRA1 and WRA2

WRA1 + WRA2

Calculated mean wind speed at Hollandse Kust

(zuid) at 100 m MSL and the associated 9.44 £ 0.38

uncertainty [m/s]
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8 Conclusions

This report described two assessments of the offshore wind climate for the Hollandse Kust (zuid) Wind
Farm Zone in the Dutch North Sea. The assessments are based on the combined use of offshore wind
measurements and mesoscale model data.

The OWEZ 70 m met mast data forms the primary basis of the first wind resource assessment (WRA1,
initially reported separately [25]), based on the proximity to the wind farm site and the overall low
uncertainty of the wind measurements, including the horizontal extrapolation to the Hollandse Kust
(zuid) Wind Farm Zone. The measured wind speed at 70 m is 8.7 m/s, which is then extrapolated to a
height of 100 m based on the measured shear profile, corrected to the long-term and extrapolated to
the wind farm zone based on the EMD-ConWx mesoscale model. The calculated long-term mean wind
speed at 100 m MSL at the Hollandse Kust (zuid) Wind Farm Zone centre for WRA1 is 9.46 + 0.47
m/s (% standard deviation).

A second wind resource assessment (WRA2) was commissioned following a 12-month on-site floating
LiDAR campaign. The wind speed measurements of the HKZB buoy (with some gaps filled based on the
co-located HKZA buoy) are the primary source for this assessment. Ecofys WTTS judges that the
floating LiDAR data is suitable, based on high data availability, good traceability to raw data and
thorough pre-deployment testing. Wind measurements from the Lichteiland Goeree platform are
selected as the long-term reference. The measured wind speed at 100 m is 8.6 m/s, and the long-term
correction leads to an increase of about 10%. Comparison to three independent reference datasets
show that the average wind speed during the 12-month measurement period for HKZB was
substantially below the long-term annual average, which explains and justifies the relatively large long-
term correction. The calculated long-term mean wind speed at 100 m MSL at the Hollandse Kust (zuid)
Wind Farm Zone centre for WRA2 is 9.41 £ 0.52 m/s.

Detailed analyses of the calculated wind climate were carried out across the modelled heights, showing
good comparisons of the analysed trends with measurements at other offshore sites in the Dutch North
Sea.

The results of the two wind resource assessments differ only slightly, with a 0.5% difference in the
mean wind speeds at 100 m. Also, the uncertainty of both assessments is comparable. Since the
calculations are largely independent, the two results may be combined based on inverse-variance
weighting, to result in long-term mean wind speed at 100 m MSL at the Hollandse Kust (zuid) Wind
Farm Zone centre 9.44 + 0.38 m/s

The uncertainty in wind speed refers to the infinite long-term; additional uncertainty components would

be necessary for shorter periods. Results are presented within the report for the centres of the four
sites (see Figure 9); the variation from the zone centre is about £0.1m/s, as seen in Figure 23.
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Appendix A Measurement Documentation

This appendix contains details of the measurement campaign, which are additional to the descriptions
and comments in the body of the report. Typically, this includes site photos, descriptions of the
meteorological mast(s) and instruments, and documentation the measurement procedure. As well, any
deviations from measurement best-practice (for instance, the MEASNET Guideline “Evaluation of Site
Specific Wind Conditions”) are documented.

Description of site

The wind farm site and all measurement stations are located offshore, and terrain conditions are
described in the report. For the wind farm site, there are no site photos, nor are any necessary, because
of the homogeneous sea surroundings. For the measurement masts, site photos are given in the report.

Description of measurement system

Ecofys did not perform the wind measurement campaigns described in this report. Thus, calibration
certificates and other specifications of the instrumentation are not available. Within the report,
references are made to detailed studies of the OWEZ measurement system ([6] [7]) for WRA1 and
HKZB ([10] [11] [13] [14] [27] [28]) for WRA2. These references have been extensively examined
during the quality control and uncertainty analyses. These references are considered sufficient
documentation and it is not deemed necessary to reproduce more details here.

Description of measurement procedures

The report contains details of the measurement procedures and data processing, with sufficient
references to more detailed studies.

Deviations to best-practice

Ecofys WTTS analysed each of the measurement datasets in detail, as described in Chapters 2 and 4
and Appendix B to F, and concludes that they provide sufficient basis for an accurate wind resource
assessment for the Hollandse Kust (zuid) Wind Farm Zone. However, these wind measurements do
differ from industry best-practice in a number of ways, as addressed here:

1. For WRA1, the OWEZ meteorological mast is located 20-50 km from the Hollandse Kust (zuid)
Wind Farm Zone borders. This is further than 10 km, which is a typical maximum distance for
simple terrain [21]. However, offshore conditions should be generally similar between the
OWEZ and Hollandse Kust (zuid) Wind Farm Zone, and the use of a validated mesoscale model
dataset reduces the uncertainty in horizontal extrapolation.

2. For WRA1, the OWEZ mast is not fully designed in compliance to IEC 61400-12-1. Especially,
the booms are shorter, which leads to significant tower shadow effects [7] Through a filtering
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scheme that selects the least-disturbed instruments, these obstacle effects can be minimised.
These flow effects are considered in the uncertainty analysis.

3. Turbulence intensity and extreme wind calculations have not been included in this analysis, as
they were not part of the original scope of work. These are included in a separate RVO.nl

metocean report [33].
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WRA1: Filtering of Measurement

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25], except for minor clarifications.

Europlatform

The filtered data for the Europlatform met mast dataset is summarised in Table 62.

Table 62: Data filtering for Europlatform data
Period Note

Entire period

All missing data or values of -999 were excluded. This affects approximately
1.2% of data.

Entire period

Sudden drops in wind direction (to a value around 10°) were removed. This
affects approximately 0.4% of data, mostly before May 2003.

07/10/2003 to 27/10/2003

Wind direction frozen below 10°.

16/11/2010 11:40

Wind speed spike to 40 m/s.

02/05/2014 to 06/05/2014

Wind speed frozen at 0 m/s.

06/05/2014 to 31/07/2014

Missing wind speed.

18/01/2015 to 22/01/2015

Missing wind speed and direction.

22/01/2015 to 02/02/2015

Wind speed frozen at 0 m/s.

02/02/2015 to 10/02/2015

Missing wind speed and direction.

18/03/2015 to 19/03/2015

Missing wind speed and direction.

24/03/2015 to 25/03/2015

Missing wind speed and direction.

01/04/2015 to 10/04/2015

Missing wind speed and direction.

30/04/2015 to 12/05/2015

Missing wind speed and direction.

16/05/2015 to 22/05/2015

Missing wind speed and direction.

25/05/2015

Missing wind speed and direction.

27/05/2015 to 28/05/2015

Missing wind speed and direction.

29/05/2015 to 06/06/2015

Missing wind speed and direction.

07/06/2014 to 08/06/2014

Wind speed frozen at 0 m/s.

08/06/2015 to 16/06/2015

Missing wind speed and direction.

11/08/2015 to 12/08/2015

Missing wind speed and direction.

14/08/2015 to 15/08/2015

Missing wind speed and direction.

07/12/2015 to 09/12/2015

Missing wind speed and direction.

08/03/2015 to 31/03/2016

Missing wind speed and direction.
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The filtered data from the LiDAR at Europlatform is summarised in Table 63.

Table 63: Data filtering for Europlatform LiDAR data

Period

Data filtered for ‘number of packets’ (self-defined quality signal) below 30, in
Entire period accordance with LiDAR manufacturer recommendation and Ecofys WTTS
experience

Lichteiland Goeree

The filtered data from the Lichteiland Goeree mast is summarised in Table 64.

Table 64: Data filtering for Lichteiland Goeree mast data
Period | Note

All missing data or values of -999 were excluded. This affects approximately
1% of data.

Sudden drops in wind direction (to a value around 10°) were removed. This
affects approximately 0.2% of data.

Entire period

Entire period

The filtered data from the LiDAR at Lichteiland Goeree is summarised in Table 65.
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Table 65: Data filterini for Lichteiland Goeree LiDAR data

ECOFYS

WIND TURBIN

E

Entire period Data filtered for ‘d_ata availability’ (self-defined qual_ity signal) below 80%, in
accordance with LiDAR manufacturer recommendation

Entire period Wind direction offset corrected by +30°

15/12/2014 Missing data at all heights

26/12/2014 Missing data at all heights

07/01/2015 Missing data at all heights

16/01/2015 Missing data at all heights

19/01/2015 to 20/01/2015 Missing data at all heights

23/01/2015 Missing data at all heights

05/03/2015 to 06/03/2015 Missing data at all heights

02/04/2015 Missing data at all heights

04/04/2015 Missing data at all heights

08/04/2015 Missing data at all heights

10/04/2015 to 24/04/2015 Missing data at all heights

29/04/2015 to 30/04/2015 Missing data at all heights

01/05/2015 to 03/09/2015 Missing data at all heights

10/09/2015 to 28/09/2015 Missing data at all heights

Offshore Windpark Egmond aan Zee (OWEZ)

Wind speed and wind direction was recorded at three heights (21, 70 and 116 m MSL). Each 10-minute
period mean values are recorded, as well as the maximum, minimum and standard deviations over the
same period. In addition, temperature and relative humidity are recorded at 70 m and 116 m. A
pressure sensor is installed at 20 m. Finally, a rain sensor can be found at 70 m.

There are three cup anemometers and three wind vanes at each measurement height, attached to
booms oriented NW, NE and S. There is also a sonic anemometer at each level on the NW boom. ECN
has described a directional selection process to derive a single undisturbed wind speed from the three
measurements at each height, as illustrated in Figure 40. Ecofys WTTS has reproduced this process,
with some modifications to increase data availability. The ECN process would calculate the wind
direction based on the average of two wind vanes and exclude wind speeds if data from either wind
vane was missing. This leads to the exclusion of otherwise valid data.
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gree in NW boom

Wind speed

Wind direction

Figure 40: Overview of ECN data processing rules for the OWEZ mast data to obtain derived wind speed and wind

direction from undisturbed sensors only.

The Ecofys WTTS directional filters and selection process includes recordings even if only one of the
two undisturbed wind vanes is available. This increases the overall data coverage at the expense of the
accuracy in (some of) the wind direction recordings. In addition, sonic anemometer data is used in case
all cup anemometer data is missing, under the condition of that the wind direction sector is undisturbed
for the sonic anemometer. In this way, data availability increased from 84% to 86% at 116 m and from
95% to 96% at 70 m. All data filtering is summarised in Table 66.

The power law exponent matrix, used to vertically extrapolate wind speeds to 100 m (see Section
3.1) is shown in Table 67.
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Table 66: Data processing for OWEZ met mast
Period Change

Extended period of missing data of the Final mean wind speed at 116 m
25/11/2005 to 05/12/2014 [derived wind speed of all cup and sonic anemometers at 116 m]
Extended period of missing data of the Final mean wind speed at 70 m
[derived wind speed of all cup and sonic anemometers at 70 m]
Extended period of missing data of the Final air density at 70 m
[calculated from 70 m temperature, pressure and relative humidity]
Extended period of missing data of the Final air density at 116 m
[calculated from 116 m temperature, pressure and relative humidity]
Extended period of missing data of the Final mean wind speed at 116 m
[derived wind speed of all cup and sonic anemometers at 116 m]
RHTT 261/S/70/RH Mean has incomplete 10min interval after long period of
missing data. Extremely low value disturbing air density
RHTT 261/S/70/AT Mean has incomplete 10min interval after long period of
missing data. Extremely low value disturbing air density
Extended period of missing data of the Final mean wind speed at 21 m
[derived wind speed of all cup and sonic anemometers at 21 m]

25/11/2005 to 05/12/2006

25/11/2005 to 05/12/2005

25/11/2005 to 05/12/2005

19/12/2005 to 01/02/2006

01/02/2006 12:10 to 12:20

05/05/2006 11:40 to 11:50

20/04/2006 to 05/05/2006
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Table 67: Power law exponent matrix by hour of day and direction sector for OWEZ mast
Power law exponent, based on wind speeds at 27, 70 & 116 m

) WIND TURBINE
@ TESTING SERVICES

i e o e S S S S S
75° 195° 285° 315°

Hour of day

00:00 - 01:00 0.056 0.044 0.070 0.165 0.150 0.165 0.119 0.135 0.103 0.088 0.058 0.060
01:00 - 02:00 0.063 0.065 0.060 0.157 0.136 0.157 0.135 0.134 0.099 0.087 0.066 0.046
02:00 - 03:00 0.053 0.067 0.057 0.156 0.122 0.156 | 0.134 0.133 0.100 0.076 0.078 0.046
03:00 - 04:00 0.078 0.051 0.053 0.143 0.123 0.142 0.131 0.131 0.109 0.079 0.070 0.054
04:00 - 05:00 0.070 0.062 0.058 0.140 0.104 | 0.129 0.122 0.122 0.103 0.088 0.067 0.059
05:00 - 06:00 0.072 0.083 0.062 0.125 0.093 0.114 | 0.130 0.113 0.106 0.087 0.070 0.060
06:00 - 07:00 0.061 0.076 0.060 0.079 0.109 0.106 | 0.113 0.112 0.099 0.094 | 0.069 0.055
07:00 - 08:00 0.057 0.065 0.057 0.079 0.109 0.098 | 0.105 0.112 0.100 0.088 0.070 0.060
08:00 - 09:00 0.060 0.060 0.048 0.080 0.097 0.091 0.097 0.115 0.110 0.075 0.072 0.056
09:00 - 10:00 0.053 0.051 0.045 0.080 0.097 0.096 0.110 0.111 0.101 0.073 0.061 0.059
10:00 - 11:00 0.045 0.043 0.044 0.078 0.110 0.106 0.129 0.115 0.088 0.082 0.062 0.059
11:00 - 12:00 0.039 0.033 0.051 0.076 0.104 0.123 0.133 0.123 0.100 0.075 0.055 0.061
12:00 - 13:00 0.031 0.046 0.054 0.077 0.156 0.147 0.179 0.122 0.101 0.076 0.058 0.057
13:00 - 14:00 0.022 0.062 0.053 0.086 0.102 0.188 0.193 0.133 0.092 0.087 0.054 0.053
14:00 - 15:00 0.020 0.081 0.052 0.107 0.115 0.194 | 0.163 0.143 0.107 0.081 0.049 0.057
15:00 - 16:00 0.041 0.063 0.058 0.093 0.093 0.197 | 0.165 0.147 0.113 0.106 | 0.050 0.062
16:00 - 17:00 0.051 0.076 0.059 0.108 0.089 0.175 0.177 0.148 0.125 0.109 0.055 0.061
17:00 - 18:00 0.067 0.081 0.064 0.101 0.113 0.184 0.171 0.151 0.130 0.090 0.057 0.062
18:00 - 19:00 0.073 0.082 0.075 0.136 0.131 0.201 0.160 0.161 0.113 0.101 0.057 0.058
19:00 - 20:00 0.077 0.072 0.079 0.122 0.129 0.181 0.167 0.148 0.120 0.099 0.062 0.055
20:00 - 21:00 0.070 0.092 0.095 0.127 0.108 0.192 0.164 0.148 0.123 0.094 0.060 0.062
21:00 - 22:00 0.057 0.093 0.098 0.152 0.105 0.188 0.145 0.134 0.121 0.109 0.064 0.063
22:00 - 23:00 0.068 0.061 0.086 0.171 0.110 0.182 0.138 0.138 0.115 0.109 0.061 0.064
23:00 - 24:00 0.057 0.074 0.073 0.180 0.124 0.175 0.125 0.145 0.105 0.091 0.061 0.060

Meteomast IJmuiden

Measurement heights are 21 m, 58 m, 85 m and 92 m LAT. The met mast is equipped with three cup-
anemometers at 21 m and 58 m and two at 92 m. Three sonic-anemometers are installed at 85 m.
Temperature, pressure and relative humidity are sampled at two heights: 21 m and 90 m. Finally,

extensive measurements on rain, clouds, fog and visibility take place at 21 m.

The derived wind speed and direction were calculated according to the methods described by ECN for

three anemometers at each height [8], modified by Ecofys WTTS to include periods with only a single
undisturbed wind vane (as for the OWEZ mast).
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No information is given regarding the recommended filters for the derived wind speed for the top
measurement height where there are only two anemometers. Therefore, Ecofys WTTS designed its own
interpolation method based on disturbed sectors. The location of the two anemometers was identified
based on the instrumentation report [8] and the mast layout shown in Figure 41. The location of the
lightning rod is also assumed. An intercomparison of the two measured wind speeds confirmed flow
disturbances in the expected sectors, and the directional filters in Table 68 were defined.

LATERN LED-SIGN

Cup-anemometer
MMIJ_H92B300_Ws

Cup-anemometer Lightning Rod

MMIJ_HS2B180_Ws ' _LED-SIGN

|1 | A L
CONTAINER

= . i - 3 = G3

— - - - ‘\_')
\LED-SIGN

Figure 41: Top view of 92 m top section of met mast IJmuiden (source: [8]) with the location of the two cup-

LED-SIGN_ | 4

anemometers and the lightning rod indicated.

Table 68: Summary of directional filters for 92 m measurement height

Disturbed sector [°] ’ Blockage effects ’ Valid data
10-30 MMIJ_H92B180_Ws affected by MMIJ_H92B300_Ws MMIJ_H92B300_Ws
60-100 MMIJ_H92B180_Ws affected by Lightning rod MMIJ_H92B300_Ws
125-160 MMIJ_H92B300_Ws affected by Lightning rod MMIJ_H92B180_Ws
185-210 MMIJ_H92B300_Ws affected by MMIJ_H92B180_Ws MMIJ_H92B180_Ws

The full list of filtered data for Meteomast IJmuiden is shown in Table 69.
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Table 69: Data processing for Meteomast IJmuiden met mast
Period Change

The first measurement before or after a period of missing data is often

Entire period disabled, as it is based on less than 10 min of data. These data points are
often spikes.

25/02/2012 to 05/03/2012 Missing data at all heights.

21/01/2013 15:30 to 22:10 Wind speed at 85 m: frozen constant values

21/08/2013 to 22/08/2013 Missing data at all heights

01/11/2013 to 10/12/2013 Wind direction at 21 m is frequently significantly offset from other two records
11/03/2014 to 31/03/2014 Wind direction at 21 m is frequently significantly offset from other two records
09/04/2015 to 10/04/2015 Wind direction offset between all three wind vanes

Ecofys WTTS also filtered the LiDAR data. A known issue with the ZephIR wind direction recording is
that it can be reported with a ~180° offset due to flow distortion around the LiDAR. So, the LiDAR wind
direction measurements were compared to the upper met mast wind direction and disabled if the
deviation exceeded 60 degrees; this error would affect all measurement heights for the same time
period.

Also, if a ZephIR LiDAR is only operational for part of a ten-minute interval, the data is not automatically
disabled. To remove these partial records, all data with less than 30 packets (as a measure of sampling

frequency) within a ten-minute interval is disabled.

The filtered data from the LiDAR at Meteomast IJmuiden is summarised in Table 70.

Table 70: Data filtering for Meteomast IJmuiden LiDAR data
Period ‘ Note

Entire period Data filtered for ‘number of packets’ (self-defined quality signal) below 30

Data filtered for periods where wind direction at 90 m deviates by more than
60° from the met mast wind direction at 85 m

07/11/2011 to 13/11/2011 Missing data at all heights
25/02/2012 to 03/03/2012 | Missing data at all heights
10/02/2015 to 17/03/2015 | Missing data at all heights
20/04/2015 to 24/04/2015 | Missing data at all heights
26/04/2015 to 27/04/2015 | Missing data at all heights
27/04/2015 to 28/04/2015 | Missing data at all heights
07/07/2015 to 08/07/2015 | Missing data at all heights

Entire period

ESMWT17659 96





WIND TURBINE
E C O F Y S TESTING SERVICES
—

A Navigant Company

Borssele Floating LiDAR (Lot-1)

The filtered data from the floating LiDAR at Borssele windfarm zone is summarised in Table 71

Table 71: Data filtering for Borssele floating LiDAR (Lot-1

Entire period Processed data received from ECN website

Entire period Random missing of data points for 10min and/or 20min n regular basis
06/10/2015 to 12/11/2015 Missing data at all heights
22/11/2015 to 23/11/2015 | Missing data at all heights
15/12/2015 to 12/02/2016 | Missing data at all heights
13/08/2016 to 15/08/2016 Missing data at all heights

HKZB Floating LiDAR

The filtered data from the floating LiDAR at the Hollandse Kust (zuid) Wind Farm Zone is summarised
in Table 72.

Table 72: Data filtering for HKZB floating LiDAR

Period

Entire period Processed data received from ECN website

Monthly data recovery rate

After the data filtering described above, the remaining data recovery rate is shown in Table 73 for
each month of the respective datasets, for the primary measurement height.
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Table 73: Monthly data recovery rate at primary measurement height for each dataset

2l Borssele
Year Lichteiland Windpark | Meteomast Floatin HKZB
Europlatform Goeree (L.E. Egmond Ijmuiden LiDARg Floating
Goeree) aan Zee (MM13J) (Lot-1) LiDAR
(OWEZ)

Floating Floating
Measurement type LiDAR LiDAR LiDAR LiDAR LiDAR

2003 99 7 99.1
2003 | May 99.4 99.8
2003 | Jun 98.9 99.9
2003 | Jul 99.5 100
2003 | Aug 99.8 99.9
2003 | Sep 99.5 99.7
2003 | Oct 98.3 98.7
2003 | Nov 97.1 97.2
2003 | Dec 93.6 95.7
2004 | Jan 93.8 96.1
2004 | Feb 86.0 90.3
2004 | Mar 96.9 98.1
2004 | Apr 96.5 97.5
2004 | May 97.5 96.1
2004 | Jun 98.8 99.2
2004 | Jul 98.8 98.8
2004 | Aug 99.7 99.7
2004 | Sep 99.3 99.3
2004 | Oct 99.5 99.4
2004 | Nov 98.2 97.2
2004 | Dec 98.4 98.5
2005 | Jan 96.2 96.2
2005 | Feb 99.5 99.5
2005 | Mar 99.7 100
2005 | Apr 99.8 99.9
2005 | May 99.9 99.9
2005 | Jun 99.5 99.6
2005 | Jul 99.8 99.8 100
2005 | Aug 99.7 99.7 100
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Monthly data recovery rate [%}

Offshore

Lichteiland Windpark M?teo'mast ﬁf;:;ilg HKZ_B
Europlatform Goeree (L.E. Egmond Ijmuiden LiDAR Flt:vatlng
Goeree) aan Zee (MM13J) (Lot-1) LiDAR
(OWEZ2)
2005 | Sep 99.6 99.6 100
2005 | Oct 99.6 99.6 100
2005 | Nov 98.0 99.3 89.5
2005 | Dec 99.2 99.4 85.7
2006 | Jan 99.3 99.5 96.8
2006 | Feb 99.8 99.8 99.4
2006 | Mar 98.9 99.0 100
2006 | Apr 99.7 99.8 90.6
2006 | May 99.9 99.9 91.8
2006 | Jun 99.6 99.6 94.0
2006 | Jul 99.2 99.3
2006 | Aug 98.7 98.7
2006 | Sep 99.5 99.6
2006 | Oct 99.4 99.4
2006 | Nov 99.0 99.1
2006 | Dec 99.0 99.4
2007 | Jan 99.6 99.6
2007 | Feb 99.5 98.9
2007 | Mar 98.6 99.7
2007 | Apr 99.6 99.5
2007 | May 99.4 96.4
2007 | Jun 99.3 99.8
2007 | Jul 99.1 99.1
2007 | Aug 99.2 99.2
2007 | Sep 99.7 99.7
2007 | Oct 99.5 99.6
2007 | Nov 99.5 99.6
2007 | Dec 99.3 99.4
2008 | Jan 99.2 99.7
2008 | Feb 99.7 99.5
2008 | Mar 99.7 99.7
2008 | Apr 99.0 99.0
2008 | May 99.6 99.6
2008 | Jun 99.5 99.6
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Monthly data recovery rate [%}

Offshore

Lichteiland Windpark M?teo'mast ﬁf;:;ilg HKZ_B
Europlatform Goeree (L.E. Egmond Ijmuiden LiDAR Flt:vatlng
Goeree) aan Zee (MM13J) (Lot-1) LiDAR
(OWEZ2)
2008 | Jul 99.8 99.8
2008 | Aug 99.8 99.8
2008 | Sep 98.9 98.5
2008 | Oct 99.2 98.7
2008 | Nov 99.7 99.7
2008 | Dec 99.8 99.8
2009 | Jan 98.4 98.4
2009 | Feb 72.1 72.6
2009 | Mar 95.4 97.9
2009 | Apr 99.5 99.9
2009 | May 99.4 99.7
2009 | Jun 99.7 99.9
2009 | Jul 97.9 98.3
2009 | Aug 98.2 98.7
2009 | Sep 99.1 99.1
2009 | Oct 99.3 99.8
2009 | Nov 98.9 99.7
2009 | Dec 86.6 99.8
2010 | Jan 99.6 99.7
2010 | Feb 99.6 99.6
2010 | Mar 95.1 93.7
2010 | Apr 99.3 99.9
2010 | May 99.5 100
2010 | Jun 98.7 99.5
2010 | Jul 99.2 99.8
2010 | Aug 99.1 98.7
2010 | Sep 98.8 98.9
2010 | Oct 96.1 98.6
2010 | Nov 97.8 98.9
2010 | Dec 88.6 98.3
2011 | Jan 98.7 98.9
2011 | Feb 98.1 99.1
2011 | Mar 94.1 95.4
2011 | Apr 99.5 94.2
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Monthly data recovery rate [%}

Offshore

Lichteiland Windpark M?teo'mast if;as;ilge HKZ_B
Europlatform Goeree (L.E. Egmond Ijmuiden LiDAR quatlng
Goeree) aan Zee (MM13J) (Lot-1) LiDAR
(OWEZ2)

2011 | May 99.8 99.8

2011 | Jun 99.1 99.4

2011 | Jul 99.2 99.3

2011 | Aug 97.3 99.6

2011 | Sep 99.7 89.9

2011 | Oct 99.5 97.6

2011 | Nov 99.2 99.4

2011 | Dec 98.3 99.8

2012 | Jan 99.3 99.9 100 80.2
2012 | Feb 99.7 99.7 82.7 75.6
2012 | Mar 99.8 99.8 85.5 74.8
2012 | Apr 98.7 99.7 99.9 64.7
2012 | May 99.5 99.9 100 90.7
2012 | Jun 99.4 99.8 99.9 84.1
2012 | Jul 88.8 93.4 96.1 85.7
2012 | Aug 99.7 99.8 99.9 91.9
2012 | Sep 99.0 98.6 99.9 78.7
2012 | Oct 99.8 99.9 99.8 82.2
2012 | Nov 99.8 99.7 99.9 81.8
2012 | Dec 99.6 99.4 100 96.2
2013 | Jan 99.2 98.8 100 92.2
2013 | Feb 99.8 99.7 99.9 92.1
2013 | Mar 99.7 99.7 99.9 96.2
2013 | Apr 99.5 95.5 100 93.8
2013 | May 98.9 99.8 99.9 85.3
2013 | Jun 95.2 96.5 99.9 91.7
2013 | ul 97.7 99.7 99.9 96.0
2013 | Aug 100 99.8 96.7 95.5
2013 | Sep 99.8 99.8 99.9 97.4
2013 | Oct 83.9 99.8 99.8 85.4
2013 | Nov 99.8 99.9 100 80.8
2013 | Dec 99.9 98.9 99.9 97.1
2014 | Jan 99.4 99.8 99.9 96.2
2014 | Feb 99.8 99.7 100 94.0
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Monthly data recovery rate [%}

Offshore

Lichteiland Windpark M?teo'mast if;as;ilge HKZ_B
Europlatform Goeree (L.E. Egmond Ijmuiden LiDAR quatlng
Goeree) aan Zee (MM13J) (Lot-1) LiDAR
(OWEZ2)
2014 | Mar 99.7 99.9 100 96.5
2014 | Apr 99.6 99.7 99.9 98.5
2014 | May 5.9 99.6 99.8 97.7
2014 | Jun 0.0 99.4 100 97.0
2014 | Jul 2.0 99.3 100 91.7
2014 | Aug 98.4 98.9 100 97.3
2014 | Sep 98.1 98.8 97.9 58.2
2014 | Oct 91.9 92.2 98.4 98.3
2014 | Nov 97.5 98.0 95.8 100 98.0
2014 | Dec 99.4 99.2 92.1 100 97.6
2015 | Jan 53.6 98.2 83.6 100 94.2
2015 | Feb 65.8 99.7 99.2 99.9 33.7
2015 | Mar 93.0 99.3 93.3 99.6 46.0
2015 | Apr 63.8 98.0 36.1 100 80.0
2015 | May 28.5 99.8 0.0 99.9 98.7
2015 | Jun 45.7 99.9 0.0 100 99.0 91.0
2015 | Jul 99.5 99.2 0.0 99.8 91.6 96.6
2015 | Aug 82.3 98.7 0.0 100 96.1 98.9
2015 | Sep 99.2 72.3 31.1 100 96.9 99.5
2015 | Oct 98.5 98.5 100 99.9 96.4 16.0
2015 | Nov 99.2 99.4 100 99.9 97.4 56.3
2015 | Dec 93.5 100 100 99.9 97.8 80.5
2016 | Jan 99.7 100 99.9 0.0
2016 | Feb 99.9 99.9 99.9 57.9
2016 | Mar 23.8 99.3 99.9 97.8
2016 | Apr 99.2 97.5
2016 | May 63.9 97.1 96.8
2016 | Jun 92.8 97.9 98.0 98.4
2016 | Jul 96.4 96.8 90.9 99.6
2016 | Aug 96.5 93.3 93.9 99.3
2016 | Sep 90.1 88.3 99.1 98.8
2016 | Oct 63.5 90.5 98.5
Entire Period 94.3 87.5 98.7 74.2 95.7 99 88.4 79.9 99.1
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Appendix C WRA1: Mesoscale model overview

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25].

This appendix gives an outline of the EMD-ConWx mesoscale model, as described by the data provider.
The data provider uses state-of-the-art meteorological flow models, fed with high-quality reanalysis
input source data (some from multiple sources), and high-resolution topography and roughness.

EMD-ConWx

ConWx is a Danish-based company, supplying a wide variety of weather and energy related tools and
our services include numerical weather models, offshore forecasts, wind power generation forecasts,
energy trading services and energy consumption forecasts. A high resolution mesoscale dataset from
ConWx (in collaboration with EMD) is available in the latest version of WindPRO software.

Advantages and limitations of model

EMD-ConWx has a staff of highly experienced model engineers, programmers and meteorologists
collaborating to bring the best ideas forward. They supply utilities, offshore companies and trading
houses with wind turbine forecasts based on high-quality numerical weather models. The forecasts
contain information about all parameters needed for precise wind turbine forecasting. Wind speeds can
be extracted for any height assuring the highest amount of accuracy and model parameters like freezing
rain can predict sudden drops in production. The development of the EMD-ConWx mesoscale dataset
benefits from this wide experience.

Inputs used to force or calibrate the model

The EMD-ConWx model uses the WRF mesoscale model, with ERA-Interim as input boundary data. It
is available as an hourly time series for 15+ years, with a 3km resolution.

Grid resolution and long-term time period

The mesoscale model is run at a high spatial resolution of 0.03° x 0.03° (approximately 3 x 3 km with
hourly temporal resolution. The dataset covers Europe including larger parts of Turkey and Ukraine,
excluding the northern extreme of Scandinavia. Timespan is at 15-20 years back, updated monthly
with approximately 3-months delay defined by ERA-Interim availability

Validation of data

The EMD-ConWx mesoscale data has been validated against wind speed measurements at 116m at a
site on the Danish west coast, showing high accuracy.
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KNMI KNW wind atlas & EMD-WRF

For details of the other mesoscale models compared in Appendix D, refer to the Borssele Wind Resource
Assessment [24]
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Appendix D WRA1: Validation of Four
Mesoscale Models

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25].

In 2015, Ecofys WTTS performed a validation of four mesoscale models, to evaluate their suitability for
use in wind resource assessments for Borssele, Hollandse Kust (zuid) and (noord) Wind Farm Zones.
The results of this validation are presented in this section, followed by an updated in-depth analysis of
the accuracy of one of the models, in Appendix E.

Four different mesoscale models were analysed. The modelled time series were acquired from three
different modellers:
» EMD-ConWx
- with ERA-Interim

> KNMI KNW
- with ERA-Interim
> EMD-WRF
- with ERA-Interim
- with MERRA

Hourly time series were acquired for each model for the nearest grid point and for concurrent periods
with the measurements. Since the KNMI KNW model covers only until December 2013, all comparisons
are limited to this period.

The mesoscale model heights were interpolated to match the measurement heights as closely as
possible, as shown in Table 74. Three measurement heights are compared for each mast. Time-series
interpolation was performed using the Windographer software using the nearest modelled height and
the average hourly shear profile. The shear matrix is based on all modelled heights from the same
mesoscale model. The wind direction was taken from the nearest model height (without interpolation).

Table 74: Measurement heights, compared to mesoscale model heights
. EMD-ConWx /
_ Measurement heights ‘ EMD-WRE ‘ KNMI KNW

OWEZ 27,70, 116 m
Meteomast IJmuiden
MMI) 21, 58,92 m Interpolated Interpolated
(MMIJ) 10, 25 50. 75 10, 20, 40, 60, 80,
Europlatform 59 A 100, 120, 140, 160,
(EURO) m 100, 150 m 180, 200 m
Lichteiland Goeree
(LEG) 38 m
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Statistical tests

A number of statistical tests were performed, using Matlab software for the concurrent datasets. The
first two tests evaluate the relationship between time series, in terms of wind speed and direction:

1. Wind speed correlation
The correlation coefficient is a measure of the linear dependence between the measured and
modelled wind speed. A correlation coefficient of +1 indicates that two wind speeds can be
perfectly described by a linear equation. A high correlation in wind speeds indicates that two-
time series are largely in sync.

2. Wind direction correlation
A circular correlation coefficient similarly evaluates the relationship between two variables - in
this case angular wind directions. This methodology assures an accurate correlation between
e.g. 359° and 1°. A high wind direction correlation shows that the modelled time series is
closely synchronised with the measurements.

Two tests were then performed to evaluate any bias in the modelled data, and the magnitude of the
difference:

3. Mean difference in wind speed
Mean difference indicates the average direction of the deviation between modelled and
measured wind speeds, but will not reflect the magnitude of the difference. It can indicate
whether the modelled wind speed is biased (positively or negatively) as compared to the
measured data.

4. Mean absolute difference in wind speed
The mean absolute difference shows the variation from the mean difference. This statistical
test can be used to estimate the confidence in correcting for bias.

Since the accuracy of a wind resource assessment is primarily concerned with the wind speed
distribution rather than the time series, two further tests were performed:

5. Kolmogorov-Smirnov test statistic
A two-sample Kolmogorov-Smirnov test compares the cumulative distribution of the two
datasets. The Kolmogorov-Smirnov test statistic quantifies the largest distance between the
empirical distribution functions of both samples. The test is sensitive to differences in both
location and shape of the empirical cumulative distribution functions of the two samples, and
thus can serve a goodness of fit curve. Two datasets with identical cumulative distributions will
yield a test statistic of zero.
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6. Difference in energy yield for representative wind turbine
A time series of energy yield was calculated using each time series of wind speed, and the
power curve a representative 6 MW wind turbine for this site. The difference in total energy
yield was then compared. This allows for a test of the distribution of wind speeds, largely
focusing on the range of 3 - 12 m/s as this is where power curves are most sensitive to wind
speed variations.

All of the test results are presented in the same manner in the following graphs. The statistical test
result is presented on the y-axis, with the eight measurement datasets on the x-axis. There are four
results per site; one for each of the mesoscale models. The results are also presented in table form,
with the best results highlighted in green for each comparison.
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Correlation

The wind speed correlation is high for all datasets, achieving hourly correlation coefficients of over 90%
in almost all cases. The KNMI KNW results are consistently highest. The lowest correlation coefficients
are found for the lowest measurement height at OWEZ and at Lichteiland Goeree.
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116 m 70m 21m 92m 58 m 27m 29m 38 m

Figure 42: Wind speed correlation coefficients, between mesoscale and measured datasets

Table 75: Wind speed correlation coefficients

EMD-WRF ‘ EMD-WRF

ERA-I MERRA
OWEZ 116 m 91% 93% 93% 92%
OWEZ 70 m 90% 93% 92% 92%
OWEZ 21 m 89% 92% 91% 90%
MMIJ 92 m 93% 95% 94% 93%
MMIJ 58 m 93% 95% 94% 93%
MMIJ 27 m 93% 94% 94% 93%
EURO 29 m 91% 92% 92% 91%
LEG 38 m 90% 91% 91% 90%
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Similarly, the hourly wind direction correlation coefficients are high, exceeding 85% in all cases. The
differences between datasets are minimal, although KNMI KNW results are always highest.
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= EMD-
ConWx

“ KNMI KNW

m EMD-WRF
ERA-I

u EMD-WRF
MERRA

Figure 43: Wind direction correlation coefficients (circular), between mesoscale and measured datasets

Table 76: Wind direction correlation coefficients

EMD-WRF ‘ EMD-WRF

ERA-I MERRA
OWEZ 116 m 90% 92% 90% 88%
OWEZ 70 m 91% 92% 90% 88%
OWEZ 21 m 90% 91% 88% 85%
MMIJ 92 m 92% 94% 92% 92%
MMIJ 58 m 91% 93% 92% 90%
MMIJ 27 m 91% 92% 90% 90%
EURO 29 m 91% 93% 91% 91%
LEG 38 m 90% 93% 90% 89%
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Mean difference in wind speed (bias)

The bias is negative in all cases, and smallest for the EMD-ConWx and KNMI KNW data meaning that
all mesoscale datasets underestimate the measured wind speed. The EMD-ConWx biases are lowest at
OWEZ and Europlatform, while KNMI KNW is lowest at Meteomast IJmuiden and Lichteiland Goeree.
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116 m 70m 21m 92m 58 m 27m 29m 38 m

Figure 44: Mean difference in wind speed (bias) between mesoscale and measured datasets

Table 77: Mean difference in wind speed (bias) [m/s]

KNMI EMD-WRF ‘ EMD-WRF
ERA-1I MERRA
OWEZ 116 m 0.0 -0.2 -0.2 -0.2
OWEZ 70 m -0.1 -0.2 -0.2 -0.2
OWEZ 21 m -0.2 -0.1 -0.3 -0.1
MMIJ 92 m -0.2 -0.2 -0.4 -0.6
MMIJ 58 m -0.2 -0.1 -0.4 -0.5
MMIJ 27 m -0.2 -0.1 -0.4 -0.5
EURO 29 m -0.1 -0.2 -0.4 -0.5
LEG 38 m -0.4 -0.3 -0.5 -0.6
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There is little to distinguish the model performance in terms of mean absolute difference in wind speed.
The models all achieve similar levels of mean absolute difference, in the range of about 1.1-1.3 m/s
(up to 1.4 m/s for Lichteiland Goeree). The KNMI KNW mesoscale model consistently has the lowest
mean absolute difference.
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Figure 45: Mean absolute difference in wind speed between mesoscale and measured datasets

Table 78: Mean absolute difference in wind speed [m/s]

KNMI EMD-WRF ‘ EMD-WRF
ERA-I MERRA
OWEZ 116 m 1.4 1.2 1.2 1.3
OWEZ 70 m 1.3 1.2 1.2 1.2
OWEZ 21 m 1.3 1.1 1.1 1.2
MMIJ 92 m 1.3 1.2 1.3 1.4
MMIJ 58 m 1.3 1.1 1.2 1.3
MMIJ 27 m 1.2 1.1 1.2 1.2
EURO 29 m 1.3 1.2 1.3 1.3
LEG 38 m 1.4 1.3 1.3 1.4
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Tests of wind speed distribution

WIND TURBINE
TESTING SERVICES

The results of the Kolmogorov-Smirnov tests show that the EMD-ConWx model has the best fit at
OWEZ, Lichteiland Goeree and Europlatform, while KNMI KNW has the best fit at Meteomast IJmuiden.
The test statistics for those two models are generally low, between 2-4% for all comparisons. The EMD-
WRF datasets show a relatively poor fit, with test statistics of 4-7%.

KS test statistic
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Figure 46: Two-sample Kolmogorov-Smirnov test statistic for wind speed distributions between mesoscale and

measured datasets

Table 79: Two-sample Kolmogorov-Smirnov test statistic for wind speed distributions

ESMWT17659

KNMI EMD-WRF | EMD-WRF
ERA-1I MERRA
OWEZ 116 m 2% 3% 4% 3%
OWEZ 70 m 3% 4% 4% 3%
OWEZ 21 m 4% 2% 4% 2%
MMIJ 92 m 4% 2% 5% 7%
MMIJ 58 m 3% 3% 4% 6%
MMIJ 27 m 3% 2% 4% 6%
EURO 29 m 3% 3% 5% 6%
LEG 38 m 5% 6% 7% 7%
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The EMD-ConWx data consistently performs best in the test of difference in energy yield. As seen in
the graph below, the difference is £2% in most comparisons and less than 6% in all cases. The KNMI
KNW model shows similar difference levels, between 2-4% in most comparisons.
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Figure 47: Difference in calculated energy yield between mesoscale and measured datasets
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Table 80: Difference in calculated energy yield

KNMI EMD-WRF ‘ EMD-WRF
ERA-1I MERRA
OWEZ 116 m 0% 2% 1% 1%
OWEZ 70 m 3% 4% 4% 3%
OWEZ 21 m 5% 2% 5% 3%
MMIJ 92 m 1% 2% 3% 6%
MMIJ 58 m 2% 3% 4% 7%
MMIJ 27 m 2% 2% 5% 7%
EURO 29 m 2% 4% 5% 7%
LEG 38 m 6% 7% 8% 10%
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Comparison of four models

This validation analysis has shown that the EMD-ConWx and KNMI KNW mesoscale model datasets
represent reasonably well the wind speeds at the four measurement locations. The KNMI KNW model
performs slightly better in terms of correlation, bias and mean absolute error. The EMD-ConWx datasets
have slightly more accurate distributions, as demonstrated with low Kolmogorov-Smirnov test statistics
and difference in energy yield tests. The results of the comparisons show that either model could be
suitable for use in horizontal extrapolation to the Hollandse Kust (zuid) Wind Farm Zone.
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Appendix E WRA1: In-depth validation of EMD-
ConWx mesoscale model

This chapter remains unchanged from the first Ecofys WTTS wind resource assessment report for
Hollandse Kust (zuid) [25], except for minor clarifications.

While the KNW mesoscale model extends only to December 2013, the EMD-ConWx dataset has up-to-
date coverage (for the purposes of this assignment, the dataset extends until 31 August 2016). This
permits comparisons between modelled and measured wind climates for several concurrent offshore
measurements in 2014- 2016, notably the LiDARs on floating buoys and offshore platforms. These
comparisons help quantify the uncertainty in horizontal extrapolation, as detailed in the subsequent
sections. For this reason, the EMD-ConWx mesoscale model has been selected for this assignment.

Cross-prediction of long-term corrected datasets

Five of the offshore measurement datasets described in Chapter 2, are used to test the accuracy of the
horizontal extrapolation using the EMD-ConWx mesoscale model. The modelled gradient in the EMD-
ConWx data is compared to the gradient between long-term corrected measurements at the five
locations.

First, the datasets are extrapolated to a hub-height, long-term wind climate estimate at each location,
using the same method as in Chapter 3. The results of each calculation are shown below for the five
selected datasets. Finally, a cross-prediction exercise is performed to assess the accuracy of horizontal
extrapolation from each measurement location to the other four sites.

The calculated long-term mean wind speed at 100 m height is shown in Table 81 for all measurement
datasets.
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Table 81: Extrapolation of wind speed measurements to height of 100 m and to long-term

Lichteiland Meteomast Sorssele
Europlatform Goeree IImuiden floating
LiDAR Lot-1

Selected measurement 04/2003 - 04/2003 - 07/2005 - 01/2012 - 06/2015 -
eriod 03/2016 03/2016 06/2006 12/2015 06/2016
P (13 years) (13 years) (1 year) (4 years) (1 year)
Measurement height 29.1m 38.3 m 70 m 92 m 100 m
Data availability [%] 94.3% 98.7% 95.7% 98.8% 65.8%

Measured mean wind
speed at measurement 8.71 8.73 8.65 9.98 9.49
height [m/s]

Resulting mean wind

speed at 100 m [m/s] 9.8 9.6 9.0 10.1 9.5
Long-term corrected
mean wind speed at 9.8 9.6 9.4 9.9 9.5

100 m [m/s]

A correction factor is then calculated based on the relative difference in mean wind speeds between
the EMD-Conwx mesoscale mode grid points nearest to each measurement point. This allows for the
extrapolation of wind speeds at each location to the other four measurement sites. The calculated value
is then compared to the wind speeds in Table 81, and the relative error is shown in Table 82.

Table 82: Cross-prediction error in horizontal extrapolation of wind speed measurements

Relative error [%] in extrapolation to:

Reference dataset

B |
Lichteiland Meteomast SEseee
Europlatform Goeree IImuiden floating
LiDAR Lot-1
Europlatform X -0.8% 1.6% 0.7% 2.4%
Lichteiland Goeree 0.8% X 2.4% 1.5% 3.2%
OWEZ -1.6% -2.4% X -0.9% 0.7%
Meteomast IJmuiden -0.7% -1.5% 0.9% X 1.7%
Borssele floating o o o o
LIDAR Lot-1 2.3% 3.1% 0.7% 1.7% X

These results allow for an estimation of the uncertainty in horizontal extrapolation using the EMD-
ConWx mesoscale model, on the order of 1-3%, although the uncertainty in each of the calculated wind
speeds (including measurement accuracy, extrapolation to 100 m, and correction to long-term) is
larger.
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Cross-prediction of short-term concurrent datasets

In order to reduce the uncertainty related to the cross-prediction datasets, it is also possible to compare
the horizontal gradient between different locations, based on concurrent measurements at the same
measurement height. This removes the uncertainties related to vertical extrapolation and long-term
correction. This comparison is possible between five LiDAR datasets, which measured concurrently in
2014-2016: at Meteomast IJmuiden, Lichteiland Goeree, Europlaform, Borssele floating LiDAR Lot-1
and HKZB floating LiDAR; the overlapping periods are shown below.

Meteomast Ijmuiden [IHTTTIINE—
HKZB floating LIiDAR [ |
Borssele floating LIDAR Lot-1 |
Europlatform LiDAR [
LE Goeree LIDAR |
EMD-ConWx modelled [l N
2014 2015 2016 2017

Figure 48: Overlapping periods between mesoscale and measured datasets in 2014-2016

Wind speeds are extracted at 100 m, or interpolated to 100 m from the nearest measurement heights
above and below. To maximise the data in the comparisons, each pair of LiDARs is compared separately,
based on the concurrent measurement periods. The gradient between mean wind speeds at each site
is then compared to the gradient in the EMD-ConWx mesoscale model, for the same concurrent period.

The comparisons show differences within £1% between the measured and modelled horizontal
gradient, as shown in Table 83, with a maximum absolute difference of 1.7%.
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Table 83: Difference between measured and modelled horizontal gradient between measurement locations, for
concurrent period of wind measurements

Horizontal L Difference

Concurrent gradient, based g::c::l:::,u I::::td between
period on concurrent EMD-ConWx measured
[months] measured wind and modelled

speeds [%] et EIeeuhe| result [%]

speeds [%]

Meteomast IJmuiden vs

o, o, - 0,
Lichteiland Goeree 8.9 5.2% 5.0% 0.5%
Borssele Lot-1 vs

o, o, - 0,
Lichteiland Goeree 8.2 0.9% 1.8% 0.9%
Borssele Lot-1 vs

- 0, - 0, 0,

Meteomast IJmuiden 5.9 2.3% 2.4% 0.0%
Lichteiland Goeree vs 2.9 1.0% 1.1% -0.2%
Europlatform
Borssele Lot-1 vs 2.8 0.6% 1.9% -1.3%
Europlatform
H_KZB_FIoatlng LiDAR vs 28 -3.5% 2.3% -1.2%
Lichteiland Goeree
HKZB Floating LiDAR vs 28 -4.6% 2.9% -1.7%
Europlatform
Borssele Lot-1 vs

0, 0, - o,
HKZB Floating LIDAR 2.7 4.7% 4.8% 0.1%

This comparison of the concurrent datasets indicates that the error in horizontal gradient using the
EMD-ConWx mesoscale model in the Dutch North Sea is on the order of 1%. Considering also the
uncertainty of the comparison exercise (due to measurement accuracy and the limited quantity of
data), the uncertainty in horizontal extrapolation is on the order of 1-3%, although it may vary
depending on the proximity of the compared points.

Prediction of Hollandse Kust (zuid) wind climate

Finally, the detailed assessment of five of the measurement datasets also allows for a comparison of
the predicted wind speeds at the Hollandse Kust (zuid) Wind Farm Zone centre. As described in Chapter
3, the wind speeds at each measurement location are extrapolated to the Hollandse Kust (zuid) Wind
Farm Zone, with the results shown in Table 84. The measurement datasets are the same as presented
earlier in Table 81.
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Table 84: Horizontal extrapolation of other wind speed measurements

Borssele
Lichteiland
Goeree

Floating
LiDAR

Meteomast

Europlatform

IJmuiden

location at 100 m [m/s]

Long-term mean wind speed at measurement

9.8

9.6

9.4

9.9

Lot-1

9.5

Relative difference of mean wind speeds in
mesoscale model, between Hollandse Kust
(zuid) centre and measurement location

-1.4%

1.1%

1.2%

-3.5%

0.5%

centre [m/s]

Calculated long-term hub-height mean
wind speed at Hollandse Kust (zuid)

9.6

9.7

9.5

9.6

9.4

Ecofys WTTS estimated the uncertainty of the calculated wind speeds for these five possible datasets,
as summarised in Table 85. The lowest total uncertainty, of around 5%, is found for the extrapolation

from the OWEZ met mast.

It is worthwhile noting that these five estimates for the mean wind speed at Hollandse Kust (zuid) are
in close agreement, within £2.1% of the OWEZ result.

Table 85: Summarised uncertainties for all the five measurement locations and the calculated mean wind speed at

Hollandse Kust (zuid

. . Borssele
Uncertainty component Europlatform Lichteiland Meteomast Floating
Goeree IJmuiden .
LiDAR Lot-1
Instrument accuracy 5.6% 5.6% 2.0% 2.0%
Instrument mounting 2.0% 2.0% 2.5% 1.5% 3.9%
Data quality 1.0% 1.0% 0.5% 0.5%
Data processing 5.0% 5.0% 1.0% 1.0%
Vertical extrapolation to hub height 4.0% 3.3% 0.3% 0.3% 0.0%
Horizontal extrapolation to WTG site 1.9% 1.5% 1.0% 2.3% 3.4%
Long term representation 1.7% 1.7% 1.5% 1.5% 1.5%
MCP 0.0% 0.0% 0.7% 0.7% 3.0%
Mesoscale model distribution 0.0% 0.0% 3.1% 3.1% 3.1%
Total [%] 9.1% 8.8% 5.0% 5.0% 6.5%
Calculated mean wind speed at
Hollandse Kust (zuid) and the 9.6 + 0.9 9.7 £ 0.9 9.5 + 0.5 9.6 + 0.5 9.4 + 0.6
associated uncertainty [m/s]
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WRAZ2: Filtering of Measurement

HKZA Floating LiDAR

The filtered data for the HKZA floating LiDAR dataset is summarised in Table 86.

Table 86: Data filtering for HKZA floating LIDAR data
Period Note

Entire period

Data is excluded where the raw data files show no valid data during the same
10-minute period (identified as periods where turbulence intensity = NaN).
(affects 3.4% of data overall, primarily in 10/2016 and 02/2017 to 06/2017)

Entire period

Wind directions corrected by 180 degrees for ZephIR direction ambiguity
(affects 0.5% of data); see Table 87.

02/2017 to 04/2017

Data seems to be desynchronized by 20 minutes, compared to the raw data.
No data has been excluded, since it is not possible to confirm the correct
timestamp.

29/08/2016 to 30/08/2016

Missing data at all heights

31/10/2016 to 01/11/2016

Missing data at all heights

05/12/2016 to 06/12/2016

Missing data at all heights

12/02/2017 to 18/02/2017

Missing data at all heights

25/04/2017 to 02/05/2017

Missing data at all heights

02/05/2017 to 05/06/2017

Data gaps. In many cases, the first 10-minute measurement of the hour was
not transmitted. According to Fugro, the cause of this issue could be the
change of a data transmission parameter for raw data transmission.
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Table 87: Periods filtered for wind direction ambiguity HKZA floating LiDAR data

Start time ime
steps

Start time

10/06/2016 08:20

Time
steps

12/06/2016 00:40

12/06/2016 02:10

16/06/2016 16:30

16/06/2016 16:50

16/06/2016 19:30

22/06/2016 16:20

22/06/2016 18:00

22/06/2016 19:00

22/06/2016 19:40

23/06/2016 22:50

11/07/2016 08:10

30/07/2016 14:10

17/08/2016 08:20

23/08/2016 13:10

23/08/2016 14:20

| V| = = = N NN DN W

24/08/2016 14:10

N
(o))

24/08/2016 19:10

25/08/2016 01:10

25/08/2016 01:10

25/08/2016 02:20

25/08/2016 10:40

25/08/2016 11:30

25/08/2016 12:20

25/08/2016 12:40

25/08/2016 13:30

25/08/2016 14:00

25/08/2016 14:30

N B = D P D WO ||
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Start time fime
steps

27/08/2016 21:20

29/08/2016 23:40

07/09/2016 11:30

07/09/2016 11:50

13/09/2016 19:00

10/10/2016 04:30

= Y

[y

29/10/2016 09:40

—
(6]

29/10/2016 12:40

30/10/2016 05:40

08/11/2016 05:00

08/11/2016 07:50

14/11/2016 00:30

24/01/2017 09:30

24/01/2017 10:50

04/02/2017 20:50

05/02/2017 11:10

12/02/2017 03:00

06/03/2017 05:50

06/03/2017 06:40

06/03/2017 08:00

08/03/2017 19:30

10/03/2017 15:30

11/03/2017 10:10

15/03/2017 07:20

15/03/2017 13:30

15/03/2017 14:10

15/03/2017 14:40

16/03/2017 21:30
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26/03/2017 18:00

1

27/03/2017 22:20
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30/03/2017 12:20

1

03/04/2017 02:30

[ay

03/04/2017 03:20

[ay

03/04/2017 15:20

N
w

04/04/2017 09:20

12/05/2017 14:10

12/05/2017 15:30

17/05/2017 03:10

17/05/2017 10:00

17/05/2017 11:50

17/05/2017 12:10

17/05/2017 13:30

22/05/2017 12:50

02/06/2017 00:00

02/06/2017 01:10

02/06/2017 01:30

02/06/2017 04:20

02/06/2017 04:50

02/06/2017 05:40

02/06/2017 06:50

02/06/2017 07:10

02/06/2017 09:30

02/06/2017 22:30

03/06/2017 06:30
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HKZB Floating LiDAR

The filtered data for the HKZB floating LIDAR dataset is summarised in Table 88.

Table 88: Data filtering for HKZB Floating LiDAR data
Period | Note

Entire period

Data is excluded where the raw data files show no valid data during the same
10-minute period (identified as periods where turbulence intensity = NaN).
(affects 2.9% of data overall, primarily in 01/2017 to 06/2017)

Entire period

Wind directions corrected by 180 degrees for ZephIR direction ambiguity
(affects 0.5% of data); see Table 89.

02/2017 to 04/2017

Data seems to be desynchronized by 20 minutes, compared to the raw data.
No data has been excluded, since it is not possible to confirm the correct
timestamp.

27/03/2017 to 01/04/2017

Missing data at all heights
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Table 89: Periods filtered

Start time

10/06/2016 08:20

Time
steps

12/06/2016 00:

12/06/2016 01:

16/06/2016 16:

16/06/2016 16:

16/06/2016 19:

22/06/2016 17:

22/06/2016 19:

22/06/2016 19:

40

23/06/2016 22:

50

17/07/2016 20:

50

30/07/2016 14:

10

19/08/2016 17:

50

23/08/2016 13:

10

23/08/2016 14:

20

24/08/2016 14:

10

24/08/2016 19:

20

25/08/2016 02:

30

25/08/2016 05:

10

25/08/2016 11

:00

25/08/2016 11:

30

25/08/2016 11:

50

25/08/2016 14:

00

25/08/2016 14:

40

07/09/2016 11:

30

07/09/2016 13:

00

10/10/2016 04:

20

12

29/10/2016 09:

10

14
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for wind direction ambiguity HKZB floating LiDAR data

Start time Time
steps

29/10/2016 12:20

30/10/2016 05:40

30/10/2016 16:00

08/11/2016 04:30

08/11/2016 05:30

08/11/2016 05:50

08/11/2016 11:20

12/12/2016 04:30

12/12/2016 04:50

23/01/2017 02:40

24/01/2017 09:10

24/01/2017 09:50

24/01/2017 11:00

24/01/2017 12:30

24/01/2017 13:20

04/02/2017 21:00

17/02/2017 21:10

08/03/2017 19:40

10/03/2017 15:10

10/03/2017 16:00

15/03/2017 07:10

15/03/2017 14:10

15/03/2017 14:50

15/03/2017 16:20

18/03/2017 16:40

03/04/2017 03:30
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03/04/2017 15:20

N
N

04/04/2017 09:40

w
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Start time Time
steps

29/04/2017 14:50
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01/05/2017 19:10

11/05/2017 14:30

11/05/2017 15:30

11/05/2017 19:10

12/05/2017 14:10

12/05/2017 15:30

12/05/2017 16:10

12/05/2017 17:20

17/05/2017 02:50

17/05/2017 03:20

17/05/2017 10:10

17/05/2017 11:50

17/05/2017 13:20

17/05/2017 13:40

22/05/2017 12:40

22/05/2017 22:30

29/05/2017 17:40

02/06/2017 01:50

02/06/2017 04:20

02/06/2017 04:40

02/06/2017 05:10

02/06/2017 06:50

02/06/2017 09:00

02/06/2017 22:10

02/06/2017 23:00

R N W R RN R R R R R NROOR R R R R R R R R R R






WIND TURBINE
E C O F Y S TESTING SERVICES
—

A Navigant Company

Europlatform

In addition to the filtered data for WRA1 (see Table 62), the following data was filtered from the
Europlatform met mast dataset.

Table 90: WRA2 Additional data filtering for Europlatform data
Period ’ Note

All missing data or values of -999 were excluded. This affects approximately
1.2% of data.

Sudden drops in wind direction (to a value around 10°) were removed. This
affects approximately 0.4% of data, mostly before May 2003.

08/03/2016 to 20/04/2016 Missing wind speed and direction.
04/10/2016 to 05/10/2016 Missing wind speed and direction.

Entire period

Entire period

The filtered data from the LiDAR at Europlatform for WRA2 is summarised in Table 91.

Table 91: WRA2 Data filtering for Europlatform LiDAR data
Period Note

Data filtered for ‘number of packets’ (self-defined quality signal) below 27, in
Entire period accordance with LiDAR manufacturer recommendation and Ecofys WTTS
experience

Wind directions corrected by 180 degrees for ZephIR direction ambiguity
(affects 0.1% of data)

Entire period Wind speeds at 191 m missing
26/12/2016 to 10/01/2017 Missing data at all heights

Entire period
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Lichteiland Goeree

In addition to the filtered data for WRA1 (see Table 64), the following data was filtered from the
Lichteiland Goeree met mast and LiDAR datasets for WRA2, in Table 92 and Table 93 respectively.

Table 92: WRA2 Additional data filtering for Lichteiland Goeree mast data
Period ’ Note

All missing data or values of -999 were excluded. This affects approximately
0.5% of data.

Sudden drops in wind direction (to a value around 10°) were removed. This
affects approximately 0.2% of data.

03/02/2009 to 10/02/2009 Missing data
26/09/2011 to 29/09/2011 Missing data
18/07/2012 to 20/07/2012 Missing data

01/04/2013 to 02/04/2013 Missing data

Several periods of data excluded, due to apparent anemometer failure This
affects approximately 3.5% of data.

17/09/2015 to 28/09/2015 Data excluded, due to apparent anemometer failure

Table 93: Data filtering for Lichteiland Goeree LiDAR data
Period ‘ Note

Data filtered for ‘data availability’ (self-defined quality signal) below 80%, in
accordance with LiDAR manufacturer recommendation

17/11/2014 to 11/04/2015 Wind direction offset corrected by +30°

Data excluded, due to apparent significant offset in wind direction and
desynchronization, based on comparison with KNMI data

03/01/2017 to 19/01/2017 Missing data at all heights
21/03/2017 to 30/03/2017 Missing data at all heights

Entire period

Entire period

05/2014 to 07/2014

Entire period

03/09/2015 to 10/09/2015

Monthly data recovery rate

After the data filtering described above, the remaining data recovery rate is shown in Table 94 for
each month of the respective datasets, for the primary measurement height.
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Table 94: Monthly data recovery rate at primary measurement helght for each dataset

Monthly data recovery rate [%}
Near Lichteiland G
ichteiland Goeree
Europlatform (L.E. Goeree) FIoatmg Floatlng

. : Floating Floating
Measurement type LiDAR LiDAR LiDAR LiDAR

earlier see WRA1 see WRA1

2016 | Apr 34.9 97.8

2016 | May 98.8 72.6 93.3

2016 | Jun 98.1 100 92.2 98.4 99.9
2016 | Jul 98.9 100 99.6 see WRAL 99.4 100
2016 | Aug 98.6 100 99.3 97.8 100
2016 | Sep 99.5 99.9 98.8 98.9 100
2016 | Oct 93.5 99.5 97.0 86.5 99.7
2016 | Nov 99.5 97.9 99.9 90.9 98.2 99.8
2016 | Dec 99.8 81.2 100 99.0 93.7 99.4
2017 | Jan 99.6 69.3 97.7 47.9 90.5 99.2
2017 | Feb 99.8 99.9 100 93.0 70.5 92.3
2017 | Mar 99.1 98.6 99.7 60.2 88.7 73.3
2017 | Apr 99.0 99.9 100 87.3 72.5 86.0
2017 | May 94.4 95.4 99.8 60.7 79.5 92.0
2017 | Jun 98.9 99.8 99.9 79.9 84.2 87.9
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Appendix G Comparison with DHI metocean
study results

In parallel with the Ecofys WTTS wind resource assessments, RVO.nl has commissioned DHI to perform
metocean desk study for the Hollandse Kust (zuid) Wind Farm Zone (initial report: [20], and update:
[33]). Ecofys WTTS and DHI communicated regularly during the preparations of both studies (and the
subsequent updates), comparing datasets and results, in order to ensure that the finally selected wind
models lead to an optimal balance between quality for the individual purposes of the studies and
consistency between the results of both studies. This appendix describes the comparisons performed
jointly by Ecofys WTTS and DHI.

As described in the Introduction (Chapter 1), the primary purpose for this wind resource assessment
is to provide inputs for wind farm modelling, yield assessments and business case calculations for
offshore wind farms to be developed in the Hollandse Kust (zuid) Wind Farm Zone.

DHI has used modelled wind and wave data for the metocean study. The modelled wind speed data
will be provided to RVO.nl as a part of a metocean database, which will be the basis for wind farm
design. The analysis will also include the provision of extreme conditions and the interaction between
wind and waves.

Comparison of HKZ results

The comparisons shown in this chapter were performed for the WRA1 report. DHI and Ecofys WTTS
have each independently calculated a wind speed time series at 100 m for the Hollandse Kust (zuid)
Wind Farm Zone. The Ecofys WTTS time series is based on the WRA1 results. These time series were
extensively compared by DHI.

The average wind speed is 9.5 m/s in both datasets. A scatter plot is shown in Figure 49, demonstrating
an excellent correlation and a bias of only -0.3% between the time series. According to DHI [20], CFSR
data is representative of 2-hour averaged values. For this scatter comparison, the CFSR data was
compared to the EMD-ConWx data (both with 1-hourly time steps). EMD-ConWx data was also
averaged every two hours but as expected, the results were very similar (since there is only two values
being averaged). Therefore, both datasets are considered to be comparable.

The plot of frequency of occurrences, in Figure 50, also shows an excellent level of agreement between
the two time series. The same close agreement is shown in the comparison between probability plots
in Figure 51, with nearly identical Weibull fits. Finally, the wind roses are highly similar, as shown in
Figure 52, with only slight differences between the frequency of occurrence in the SSW and WWS
sectors.

ESMWT17659 127





: WIND TURBINE
E C O F Y S TESTING SERVICES
A

HKZ (3.98E;52.38N;-28.0mMSL)
Scatter plot (2000-01-01 - 2016-01-01; 1h)

40 130
38 - 120 N = 140,230 (15.7years)
36 1110 MEAN = 9.46m/s (99.7%)
34 :;go BIAS = -0.03m/s (-0.3%)
32 1o § | AME =153m/s (16.1%)
n 30 |50 € | RMSE =201mis (21.2%)
E 2 E s =021 (Unbiased)
8 160 o
= 2 s |EV =081
2 5 5 [cc =090
& 24 g .
g 22 40 ¢ |PR  =093(Np=31)
o2 120 £
@ 18 2
E e 120 &
S 14 s
> 12t 2
10 &
10 2
8 >
6 Data (linear +/- 60min)
4 1:1 Line (45°)
2 1T ©  Quantiles (0.1 - 100.0%)
A - . |z--- cafiy=098x+020
OV HODRINE R AV AR AP AP koo oP O
U1oo,2h (m/s) - DHI

Figure 49: Scatter plot of DHI and Ecofys WTTS calculated wind speeds at 100 m at the Hollandse Kust (zuid)
Wind Farm Zone [source: DHI]
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Figure 50: Frequency of occurrence plots for DHI and Ecofys WTTS calculated wind speeds at 100 m at the
Hollandse Kust (zuid) Wind Farm Zone [source: DHI]
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Figure 51: Probability plots for DHI (left) and Ecofys WTTS (right) calculated wind speeds at 100 m at the
Hollandse Kust (zuid) Wind Farm Zone, including Weibull fit [source: DHI]
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Figure 52: Wind roses for DHI and Ecofys WTTS calculated wind speeds at 100 m at the Hollandse Kust (zuid)
zone [source: DHI]
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Conclusions

The comparisons between the input models and calculated wind speeds at 100 m show that the DHI
and Ecofys WTTS WRA1 analyses are in good agreement regarding the wind climate at Hollandse Kust
(zuid). Both reports ([20] [25]) found a mean wind speed at 100 m of 9.5 m/s, with excellent
correlation between the time series and similar trends.

Since the results of WRA1 and WRA2 are highly consistent (see Chapter 6), and the DHI normal wind
climate has not changed, the results of these comparisons are considered to be equally valid for WRA2
and the updated DHI report ([33]).

The updated Ecofys WTTS and DHI reports both present additional wind climate information, beyond
the average wind climate. The use of that information is dictated by the separate scope of the two
reports, which is clearly defined by RVO.nl.

e This Ecofys WTTS report describes the mean wind climate at 100 m. The wind shear
from OWEZ and HKZB has also been applied to calculate the mean wind speeds at other heights,
for WRA1 and WRA2 respectively. This information is intended for wind farm modelling, yield
assessments and business case calculations.

¢ The DHI report describes the normal and extreme wind conditions. This includes
turbulence intensity, extreme wind speeds and wind shear. This information is intended for
wind farm design.
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Appendix H Uncertainties

Uncertainties — Wind speed

Wind statistics

Measurement errors can be affected by the quality of the instruments, the calibration process, the
meteorological mast design, data coverage and data processing.

Traceability of the wind data is an important factor in assessing the quality of the wind statistics. Highly
traceable data allows for a precise analysis of uncertainties, while more uncertainty must be attributed
to poorly traceable data.

Long term representation

The annual variability of wind speed leads to an uncertainty in the long-term representation of short-
term measurements. The standard error for a single year of measurements has been statistically
determined to be 5.5% (based on a large number of Dutch meteorological stations) and 6% (based on
stations throughout Europe). Therefore, the standard error in measurements with a longer duration
can be approximated as: g = 6%/\/%.

If MCP methods were used to extend a short-term time series, an additional uncertainty should be
added to account for errors in this process.

Horizontal extrapolation
The accuracy in the horizontal extrapolation of wind speeds depends primarily on the complexity of the
terrain and the distance between the measurement site and the wind turbines.

Vertical extrapolation

In order to minimise errors in vertical extrapolation, the measurement height should be close to the
proposed hub height. Using a met mast with multiple instrument heights, it is possible to verify the
vertical profile and estimate the uncertainties.

Larger uncertainties are inherent using measurements at the WMO standard height of 10 m (for
instance, masts at airports or meteorological stations). The vertical profile is highly dependent on the

surface roughness description, as well as the accuracy of the measurement height.

Other
This uncertainty can cover any additional errors related to wind speed.
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